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THE ESTIMATION OF FATTY ACIDS OF INTERMEDIATE CHAIN 
LENGTH BY PARTITION CHROMATOGRAPHY* 


By MERLIN H. PETERSON anp MARVIN J. JOHNSON 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, January 23, 1948) 


In 1942 Smith (1) demonstrated that the silica gel partition chromato- 
gram, first developed by Martin and Synge (2), would separate a mixture 
of formic, acetic, propionic, n-butyric, and n-valeric acids in chloroform-1 
per cent butanol into its component acids. In 1945 Ramsey and Patterson 
(3) confirmed this work and presented a partition chromatographic method 
for the qualitative separation and identification of formic, acetic, propionic, 
and butyric acids. In 1946 Elsden (4) presented a method based on the 
work of Smith by which acetic, propionic, and n-butyric acids in biological 
materials can be quantitatively separated and estimated. 

Elsden’s method is limited in that the butanol-chloroform-water system 
he employs will not separate fatty acids having 5 or more carbon atoms. 
In an investigation of the réle of fatty acids in Cheddar cheese flavor, the 
present authors found it necessary to develop a rapid method for the quan- 
titative estimation of formic, acetic, propionic, n-butyric, caproic, caprylic, 
and capric acids. By use of the system benzene-aqueous sulfuric acid in 
partition chromatograms such a method was devised and is presented here, 


Preparation of Partition Chromatograms 


The partition chromatograms used consisted of glass tubes packed with 
an inert filler (Celite 545, a coarse diatomaceous filter aid made by Johns- 
Manville) moistened with the non-mobile phase, which was water or aque- 
ous sulfuric acid. Various organic solvents were used as the mobile phase 
(developing solvent). 

Developing Solvents—The developing solvents used were thiophene-free 
benzene, a mixture of Skellysolve B and thiophene-free benzene containing 
2 per cent (by volume) of Skellysolve B, and two mixtures of butanol and 
chloroform containing 10 and 25 per cent (by volume) of butanol. These 
solvents will be called CB-10 and CB-25, respectively. Thiophene-free 
benzene was prepared by repeatedly shaking benzene with concentrated 
sulfuric acid at room temperature until the acid no longer acquired a color. 


* Published with the approval of the Director of the Wisconsin Agricultural 


Experiment Station. This work was supported in part by a grant from the National 
Cheese Institute. 
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The benzene was then washed with water, dried over pellets of sodium 
hydroxide, and filtered. 

Prior to use on any chromatogram all developing solvents were saty- 
rated with the non-mobile phase of that chromatogram. 

Chromatogram Tubes—Large chromatogram tubes, designated as macro 
chromatogram tubes, were made from Pyrex glass tubing having an inside 
diameter of 18 mm. ‘These tubes were approximately 40 em. in length and 
were constricted at one end to an inside diameter of 5mm. A perforated 
porcelain disk bearing a thin pad of glass wool was lodged on the constriction 
and this served to support the column. At the bottom of the tube on the 
constricted end, a piece of Tygon tubing was used to attach a short piece 
of 6 mm. glass tubing as a delivery tip. A screw clamp was used to regu- 
late the flow of the developing solvent. 

Small chromatogram tubes, designated as micro chromatogram tubes, 
were made from Pyrex glass tubing having an inside diameter of 10 mm 
‘These tubes were approximately 30 em. in length, and developing solvent 
flow was controlled in the same manner as that of the macro chromatogram 
tubes. In the micro chromatogram tubes the column was supported by 
means of a thin pad of glass wool resting on a large glass bead lodged on 
the constriction of the tube. 

Packing of Chromatograms—The benzene-aqueous sulfuric acid macro 
chromatograms were prepared as follows: To 40 gm. of Celite 545 were 
added 24 ml. of the non-mobile phase. This mixture was then rapidly 
mixed in a mortar with a pestle until a homogeneous powder was obtained. 
At this point developing solvent was added in sufficient amount to flood 
the mixture in the mortar completely. Unless otherwise specified, the de- 
veloping solvent used in packing and developing all chromatograms here- 
after described was thiophene-free benzene saturated with the non-mobile 
phase present in the finished chromatogram. When strongly hygroscopic 
solutions of sulfuric acid are used as the non-mobile phase, mixing the 
Celite 545 and the non-mobile phase in a mortar open to the atmosphere 
results in change of normality of the sulfuric acid prior to its introduction 
into the chromatogram. Once the column pack is covered with developing 
solvent saturated with a solution of sulfuric acid having the concentration 
desired in the non-mobile phase of the finished chromatogram, no further 
change in sulfuric acid normality occurs. In order to obtain a chr. mato- 
gram ready for use with the desired normality, the following procedure was 
used routinely in the preparation of both macro and micro chromatograms 
having sulfuric acid solutions as their non-mobile phases. To the Celite 
545 in a mortar was added the required amount of a sulfuric acid solution 
having a normality as much as one unit higher than the normality desired. 
This mixture was then mixed in the mortar for exactly 2 minutes, in which 
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time a homogeneous powder was always obtained. Immediately after 
mixing, a small sample (2 to 3 gm.) of the powder was rapidly transferred 
toa small tared, stoppered, weighing bottle, and the remaining Celite 545- 
sulfuric acid mixture was flooded with developing solvent saturated with a 
sulfuric acid solution having the normality desired in the non-mobile phase 
of the column. The weighing bottle was weighed and its sulfuric acid 
content determined by titration. Since the ratio of acid to Celite 545 is 
known, the weight of absorbed water can be calculated. It was found by 
this procedure that 28 to 32 N sulfuric acid solutions dropped from 0.3 to 
0.5 normality unit during the 2 minute mixing period, 32 to 34 N solutions 
dropped from 0.5 to 0.8 normality unit, and 34 to 36 N solutions dropped 
from 0.8 to 1.2 normality units. Since this drop in normality varies not 
only with the time and intensity of mixing but also with the amount of 
moisture in the atmosphere, it was necessary to check final sulfuric acid 
normalities routinely in both macro and micro chromatograms by the pro- 
cedure described above. Subsequently an alternative procedure was found 
by which the normality of the sulfuric acid as the non-mobile phase of the 
chromatogram could be checked. This alternative procedure consisted of 
testing the separatory power of benzene-sulfuric acid chromatograms on 
known mixtures of pure fatty acids. 

Macro chromatogram tubes were packed as follows: The screw clamp at 
the bottom of the tube was closed, and a small volume of developing solvent 
was poured carefully down the side of the tube. This layer of liquid in the 
bottom of the chromatogram tube prevented disturbance of the glass wool 
pad by the initial addition of the packing slurry. This slurry, consisting 
of Celite 545, non-mobile phase, and developing solvent, was added in about 
ten approximately equal portions, with mechanical packing after each ad- 
dition. After the initial addition and prior to mechanical packing, the 
screw clamp at the bottom of the tube was opened, and the developing 
solvent flow was regulated as desired throughout the packing operation. 
Mechanical packing was accomplished by means of a glass rod flattened 
at one end until the diameter of the flattened part was slightly less than the 
inside diameter of the chromatogram tube. While in use the packing rod 
Was continually rotated to prevent the formation of vertical channels in 
the column pack. Care was taken to prevent packing the column so 
lightly that the flow rate desired during column development could not be 
obtained. Mechanical packing as described above continued until the 
height of the finished column was exactly 15 em. above the supporting 
glass wool pad, with the top surface as level as possible. 

The preparation and packing of benzene-aqueous sulfuric acid micro 
chromatograms was identical with that for the macro chromatograms with 
the following exceptions. Approximately one-eighth the amount of pack- 
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ing slurry used in packing a macro chromatogram was required to pack a 
micro chromatogram. The final height of column above the glass woo] 
pad was exactly 6 cm. 

During the packing and when not in use, the surfaces of all macro and 
micro chromatogram columns were kept covered with developing solvent, 
If sulfuric acid columns are allowed to stand more than a week, somesul- 
fonation of the benzene may occur, increasing the blank titration of the 
effluent. 


Chromatographic Procedure 


Column Development—The chromatogram was drained of developing 
solvent until the point was just reached at which no liquid was apparent 
above the top surface of the column. The screw clamp was then closed 
and a suitable small volume of the sample to be analyzed was carefully 
pipetted onto the top of the column. The screw clamp was then partially 
opened and, starting at this point and continuing throughout the develop- 
ment of the column, small equal aliquots of the developing solvent were 
collected in calibrated test-tubes. In micro chromatogram analyses 1 ml. 
aliquots of developing solvent were collected; in macro chromatograms the 
aliquots were 5 ml. in volume. The rate of developing solvent flow for 
both micro and macro chromatograms was maintained throughout de- 
velopment of the columns at 1 ml. per minute by means of the screw clamp. 
After the fatty acid sample to be analyzed had just completely passed 
into the column, a 0.5 ml. aliquot of developing solvent was carefully added 
to the top of the column to rinse remaining traces of the sample into the 
column. After the rinse had just completely passed into the column, de- 
velopment of the chromatogram was carried out in the normal manner. 

Analyses—Effectiveness of separation by the chromatogram of the fatty 
acids in the sample analyzed was determined by titration of the developing 
solvent aliquots removed at the bottom of the chromatogram tube. To 
each aliquot was added twice its volume of neutral 95 per cent ethanol. 
These solutions were then titrated to the phenol red end-point with 0.1 
aqueous barium hydroxide from a burette calibrated at 0.01 ml. intervals. 

When chromatograms, having sulfuric acid solutions as their non-mobile 
phases, were used to separate known mixtures of fatty acids, it was found 
that recoveries of individual fatty acids as measured by direct titration 
were always high (105 to 160 per cent). This was due to a carry over of 
sulfuric acid in the developing solvent in the presence of fatty acid. It 
was found that the sulfuric acid present in the developing solvent from 
macro chromatograms could be completely removed, without change in the 
fatty acid content, by passage of the developing solvent through a glass 
delivery tube 6 mm. in diameter and 10 cm. long, packed with 0.5 gm. ol 
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non-absorbent cotton. A similar cotton filter for micro chromatograms was 
made by using a piece of 4 mm. glass tubing packed with 0.2 gm. of cotton. 
The sulfuric acid absorption capacities of the 0.5 and 0.2 gm. cotton filters 
are 0.6 and 0.2 milliequivalents respectively. Since the passage of 1 milli- 
equivalent of fatty acid through a benzene-sulfuric acid (28 to 36 N) 
chromatogram causes the carry over of approximately 0.5 milliequivalent 
of sulfuric acid in the developing solvent, the total fatty acid content of 
the samples analyzed in sulfuric acid macro and micro chromatograms 
was kept less than 0.8 and 0.3 milliequivalents respectively. Even though 
it was possible with many fatty acid samples to make two or three analyses 
with the same cotton filter, routinely a fresh cotton filter was used for 
each column developed. 


Behavior of Fatty Acids in Benzene-Aqueous Sulfuric Acid System 


Benzene-Water System—In any partition chromatogram only compounds 
having differing partition coefficients between the two immiscible phases 
can be separated. In the butanol-chloroform-water system the partition 
coefficients of the straight chain fatty acids having 4 carbon atoms or 
less differ sufficiently so that their quantitative separation and estimation 
are easily effected by the use of a silica gel partition chromatogram by this 
system (4). The same quantitative separation and estimation of n-butyric, 
propionic, acetic, and formic acids were found to be possible with a partition 
chromatogram prepared as previously described, but with water as the 
non-mobile phase and benzene as the developing solvent. With such a 
chromatogram, it is obvious that formic, acetic, and propionic acids can be 
quantitatively separated and estimated in the presence of any number of 
saturated fatty acids having 4 or more carbon atoms. 

In Fig. 1 the results of a typical separation of formic, acetic, propionic, 
and n-butyric acids on a benzene-water-Celite 545 micro chromatogram 
are presented. The fatty acid sample used was a 1 ml. sample of CB-10 
containing 100 micromoles of each of the four fatty acids. As may be seen, 
n-butyric, propionic, and acetic acids passed through the column in that 
order in the first 90 ml. of developing solvent and were completely sepa- 
rated. Formic acid remained fixed on the column and did not appear 
during the passage of 200 ml. of developing solvent through the chromato- 
gram. Recoveries of n-butyric acid and propionic acid were good, being 
98.2 and 97.3 per cent respectively. Acetic acid recovery was high (115.5 
per cent) because of the wide dilute solute zone it formed during its slow 
passage of the column. As a result formic acid recovery, calculated by 
difference, was low (89.0 per cent). 

By changing the mobile phase during the development of the water- 
Celite 545 chromatogram, it was found that acetic acid recovery was im- 
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Fic. 1. Separation of n-butyric, propionic, acetic, and formic acids on a benzene- 
water-Celite 545 partition micro chromatogram. Titrations were made of 1 ml. 
aliquots of developing solvent from the base of the column. Recoveries of n-butyric, 
propionic, and acetic acids were 98.2, 97.3, and 115.5 per cent respectively. Formic 
acid remained fixed on the column and its recovery by difference was 89.0 per cent. 
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Fic, 2. Separation of n-butyric, propionic, acetic, and formic acids on a water 
Celite 545 partition micro chromatogram with three developing solvents. Titra- 
tions were made of | ml. aliquots of developing solvent from the base of the column. 
Recoveries of n-butyric, propionic, acetic, and formic acids were 98.6, 97.6, 100.9, 
and 102.5 per cent respectively. 
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proved and formic acid could be determined directly by titration. Fig. 2 
shows the results obtained when the experiment described in Fig. 1 was 
repeated with three developing solvents. As may be seen, after all the 
n-butyric and propionic acids had been removed by the passage of benzene 
through the column (30 to 40 ml.), CB-10 was substituted for the benzene 
and column development was continued. This developing solvent nar- 
rowed the acetic acid zone and rapidly eluted it from the column. After 
all the acetic acid had been removed, CB-10 was replaced by CB-25 which 
rapidly eluted formic acid from the column. With this modified develop- 
ment procedure, acetic acid recovery was good (100.9 per cent) and formic 
acid was determined accurately (102.5 per cent) by direct titration. 

At the end of an analysis water-Celite 545 chromatograms could be 
readied for further use by thorough washing with the original developing 
solvent (benzene). In this way water chromatograms were used two to 
three times without loss of performance, provided the column surfaces were 
kept covered with benzene between periods of use. 

Benzene-Aqueous Sulfuric Acid System—Failure of separation of n- 
butyric acid from caproic, caprylic, capric, and lauric acids was experienced 
with the benzene-water chromatogram, since the partition coefficients 
(C,/C,) of these acids are too low to permit effective separation. Other 
solvent systems were therefore investigated by determination of the parti- 
tion coefficients of n-butyvrie, caproic, caprvlic, and laurie acids between 
their phases. 

The partition coefficients were determined by equilibration in 30 ml. 
glass-stoppered centrifuge tubes. Of the systems investigated, benzene- 
aqueous sulfuric acid appeared the most promising. Because preliminary 
results (Fig. 3) showed that the partition coefficients varied with fatty acid 
concentration, all coefficients were determined on fatty acid solutions 
which were 0.25 N in the benzene phase before equilibration with an equal 
volume of aqueous sulfuric acid. The coefficients were calculated as con- 
centration in the aqueous phase divided by concentration in the solvent 
phase. 

In Fig. 4 the partition coefficients at room temperature of n-butyric, 
caproic, caprylic, capric, and lauric acids between benzene and sulfuric 
acid solutions are given. As may be seen in Fig. 4 the concentrations of 
sulfuric acid between 28 and 36 N appeared to hold the most promise for 
separation of these fatty acids in a benzene-aqueous sulfuric acid partition 
chromatogram. Low sulfuric acid concentrations, employed in partition 
chromatograms by Isherwood (5) to suppress ionization of carboxylic 
acids, have no large effect on partition coefficients. 

Benzene-sulfuric acid chromatograms were set up by the procedure pre- 
viously described, and their effectiveness in separating known mixtures of 
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fatty acids was determined. From the results obtained and the data 
presented in Fig. 4 the following was found. (a) Any of the fatty acids 
studied (n-butyric, caproic, caprylic, capric, and lauric) are appreciably 
delayed in a benzene-sulfuric acid chromatogram if the concentration of 
sulfuric acid used in the chromatogram is such that the partition coefficient 
of that fatty acid is at least 10. In order to estimate quantitatively by 
direct titration a fatty acid after it is removed from the column by further 
development with benzene, the partition coefficient should be less than 25. 
If the partition coefficient is greater than 25, the fatty acid will move go 
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Fic. 3. Partition coefficients of caproic acid between sulfuric acid and benzene at 
various caproic acid concentrations. 


slowly down the column that its zone width at the base of the column will 
prevent accurate quantitative estimation by direct titration. (6) In 
order to separate completely any two of the fatty acids studied in a benzene- 
sulfuric acid chromatogram, the concentration of sulfuric acid used should 
be such that the partition coefficient of the faster moving fatty acid is 
less than 5, while the partition coefficient of the slower moving fatty acid 
is at least 10. 

Fig. 5 shows the relation between the position of maximum concentration 
of any fatty acid in the effluent of a chromatogram and the partition co- 
efficient of the fatty acid between the immiscible phases of the chromato- 
gram. By “position of maximum concentration” is meant the effluent 
volume at which the fatty acid reaches maximum concentration in the 
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effluent. As may be seen, this relationship is linear for both macro and 
micro chromatograms. The intercepts of the lines with the Y axis are ap- 
proximately equal to the volumes of mobile phase contained in the respec- 
tive columns at the time of sample addition. It is obvious that at least 
this volume of effluent must be collected before any fatty acid can appear 
in the effluent. 
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Fic. 4. Partition coefficients of fatty acids between sulfuric acid solutions of 
varying normality and benzene. 


By the use of the data presented in Figs. 4 and 5 it is possible to prepare 
benzene-sulfuric acid chromatograms capable of quantitative separation 
of mixtures of any two or three of the following fatty acids: n-butyric, 
‘aproic, caprylic, and capric acids. Suppose, for example, that a mixture 
of n-butyric, caprylic, and caprie acids is to be separated. From Figs. 
4 and 5 it may be seen that if a micro chromatogram containing 32.5 N 
sulfuric acid is used n-butyric acid, having a partition coefficient of 1000, 
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will remain on the column, while caprylic acid, having a coefficient of ap- 
proximately 10, will appear in maximum concentration in the 18th ml, of 
effluent. Capric acid, having a partition coefficient of about 2.5, wil] 
appear at approximately the 7th ml. of effluent. The caprylic and capric 
acids may be titrated in the effluent, while the n-butyric acid may be 
titrated after removal from the column with water, and steam distillation 
of the aqueous solution. 

It is apparent from the partition coefficients shown in Fig. 6 that with 
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Fic. 5. Position of fatty acid zone in benzene-sulfuric acid partition chromato 
gram effluent as a function of the partition coefficient of the fatty acid between the 
phases of the chromatogram. Various fatty acids are designated as follows: n- 
butyric O, caproic A, caprylic g, and capric @. 





35 N sulfuric acid good separation of capric and laurie acids is possible on a 
sulfuric acid chromatogram with 2 per cent Skellysolve B in thiophene-free 
benzene as the developing solvent. It has been found that such a 
chromatogram makes possible the separation of capric acid from lauric, 
myristic, palmitic, oleic, and stearic acids. Attempts to separate these 
higher acids have not been successful, although it has been found that the 
use of pure Skellysolve B as a developing solvent for columns containing 32 
to 35 N sulfuric acid results in partial separation of adjacent pairs of these 
acids. Oleic acid passes through such columns without apparent change, 
since it may be quantitatively titrated in the effluent. 
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Estimation of Fatty Acids in Biological Materials 

For the routine estimation of free fatty acids in biological materials, a 
procedure involving the use of one macro separation column and three 
micro columns has been developed. This procedure is outlined below. 

Preparation of Sample—Three preliminary steps are necessary before 
partition chromatographic methods can be applied to the analysis of satu- 
rated fatty acids having as many as 10 carbon atoms in biological materials: 
(1) The fatty acids must be completely freed of extraneous material such 
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Fig. 6. Partition coefficients of capric and lauric acids between sulfuric acid 
solutions of varying normality and benzene-2 per cent Skellysolve B. 


as proteins and fat. (2) A preliminary quantitative separation of the 
fatty acids into two groups must be made. (3) The fatty acids in each 
group must be obtained quantitatively in as small a volume of developing 
solvent as possible. 

To free the fatty acids of extraneous matter, a suitable sample of the 
biological material to be analyzed is adjusted to pH 2 with 5 per cent 
sulfuric acid solution, and the free fatty acids liberated are extracted several 
times with equal volumes of ether. The fatty acids are removed from the 
ether extracts by several extractions with small volumes of dilute sodium 
hydroxide. The aqueous solution is concentrated, if necessary, to 100 ml. 
or less, brought to pH 2 with sulfuric acid, and extracted with three 10 ml, 
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portions of thiophene-free benzene. The residual aqueous solution, con- 
taining only lower fatty acids, is set aside. If necessary, the last traces of 
aqueous phase are separated from the benzene centrifugally and washed 
once with 5 ml. of fresh benzene. The benzene solution, 35 ml. or legs in 
volume, is added, without previous saturation with sulfuric acid, to 
macro column containing 33 N sulfuric acid. This column is developed 
with thiophene-free benzene. The separation obtained on this column js 
shown in Fig. 7. The curve in Fig. 7 was obtained with a fatty acid sample 
from Cheddar cheese. Similar results are obtained with known fatty acid 
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Fic. 7. Separation of higher (capric and higher) and lower fatty acids (caprylic 
and lower) on a benzene-33 Nn sulfuric acid partition macro chromatogram. The 
source of sample was a 26 month-old raw milk Cheddar cheese. In practice, column 
effluent is collected until the capric and higher fatty acids have passed completely 
through the column; caprylic and lower fatty acids present are left on the column. 


mixtures. In practice, 5 ml. aliquots of column effluent are collected and 
titrated until the capric and higher acids have passed completely through 
the column. The caprylic and lower fatty acids present are left on the 
column, and the combined neutralized effluent fractions containing the 
higher acids are kept for later analysis. 

The contents of the column, including packing, are now removed and 
combined with the aqueous residues from the benzene extraction. The 
resulting suspension is brought to pH 8.5 to 9.5 with 10 N sodium hydroxide 
solution, and the benzene distilled off. After cooling, the residue is brought 
to pH 2 with sulfuric acid and the volatile acids distilled off by the mag- 
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nesium sulfate procedure of Friedemann (6). Before distillation the sus- 
pension is diluted with water to 275 to 300 ml., and 35 gm. of magnesium 
sulfate heptahydrate are added. Distillation is continued until magnesium 
sulfate crystallizes out. The distillate, which contains all of the lower 
fatty acids (caprylic and below) of the original sample, is titrated to the 
phenol red end-point with 0.1 N sodium hydroxide. This titration is a 
measure of the quantity of lower fatty acids present and is used in esti- 
mating the amount of sample required in subsequent chromatographic 
separations and analyses. ‘The solution is concentrated to 10 to 15 ml., 
mixed with 0.2 to 0.3 gm. of Celite 545, and dried at 110°. After the addi- 
tion of a few drops of water, the mass is mixed to a uniform damp powder 
and extracted according to the method of Elsden (4). Powdered anhydrous 
sodium acid sulfate (3 to 4 gm.) is added until a fairly dry, pink powder is 
obtained. This powder is extracted six times with 4 ml. portions of 10 
per cent butanol in chloroform (CB-10). The combined extracts are 
diluted to 25 ml. and kept for later analysis. 

The neutralized benzene effluent, containing the higher fatty acids, is 
evaporated to dryness and extracted with CB-10 in the same manner as 
for the lower fatty acid fraction. 

Chromatography of CB-10 Extracts—An aliquot (2 ml. or less) of the 
extract containing the lower fatty acids is analyzed on a micro chromato- 
gram with water as the non-mobile phase. Thiophene-free benzene, CB-10, 
and CB-25 are used in turn as developing solvents. As may be seen from 
Fig. 2, formic, acetic, and propionic acids appear separately, while butyric 
and higher acids appear as a single zone. Another aliquot of the same 
CB-10 extract is analyzed on a micro chromatogram in which the non- 
mobile phase is 30.5 N sulfuric acid and the developing solvent is thiophene- 
free benzene. In this column, caproic and caprylic acids appear as separate 
zones, While butyric and lower fatty acids remain on the column. Thus, 
formic, acetic, propionic, caproic, and caprylic acids are directly deter- 
mined. Butyric acid may be determined by difference or may be resolved 
as a separate zone with a benzene-27.5 N sulfuric acid micro chromatogram. 
Fatty acids containing an odd number of carbon atoms (aside from formic 
and propionic acids) have not been encountered. 

The CB-10 extract containing capric and higher fatty acids is used for 
the direct determination of caprie acid with a micro chromatogram con- 
taining 35 N sulfuric acid. Thiophene-free benzene containing 2 per cent 
Skellysolve B is used as the developing solvent. On this column capric 
acid appears as a separate zone, while fatty acids higher than caprie appear 
as a single zone and can be determined only as a group. 
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TABLE [ 


Recovery of Individual Fatty Acids in Known Mixtures by Partition Chromatography 


Mixture I Mixture II Mixture ILI Mixture I\ 

Fatty acid oo ee 
Fatty acid Fatty acid Fatty acid Fatty acid Fatty acid Fatty acid Fatty acid Fatty acid 
present | recovered present | recovered’ present recovered present recovered 


microequiv- microequiv- microequiv- microeguic- microequiv- microcyuiv- microequiv- microequit 


alents alents alenis alents alents alents alents alents 
Formic 80 83.1 20 21.6 20 20.9 110 115 
Acetic....... 80 80.6 20 20.2 20 20.9 110 112 
Propionic... 80 78.2 200 197 20 19.0 20 19.6 
n-Butyric.... 80 79.7 20 21.4 20 19.9 110 110.5 
Caproic.... 80 77.8 200 195 20 18.1 20 19.1 
Caprylic ; 80 79.4 20 19.5 20 19.6 110 1O8 
Capric.... 80 77.5 200 190 20 18.4 20 20.4 
Lauric..... 80 50 : 
Myristic... 20 50 
Palmitic. . 76.8 37.4 50 237 189 
eer 50 200 
Stearic... 20) a0) 
Taser II 
Recoveries of Fatty Acids Added to Butter Fat 
Butter Fat I* Butter Fat IIt 
Fatty acid recoveries Fatty acid recoveries 
sia ahs f Total Recovery gt " Total Recovery 
laina atiy acid added fatty of added | Suen’ pe fatty of added 
: acid fatty ideal acid fatty 
found acid found icid 
micro- micro micro- micro micro 
equiv- microequivalents equiv- per cent equit equiv- equi er cen 
alent alents tents alents alent 
Formic 0 750 778 ~=—103.9 0) 150 154 102.8 
Acetic () 750 744991 () 150 148 = 98.7 
Propionic 0 750 726 = 96.9 0 150 146 = 97.4 
n-Butyric 397 750 1178 104.2 , 38! 150 5382 100.7 
Caproic 146 750 852 | 94.2; 153 150 297 | 96.0 
Caprylie 83.0 750 822 98.5 77.1 150 226 99.4 
Capric 130 = 2000 2026 «94.7 = 128 2000 2070 97.1 
Cy. and 3268 1000 (Laurie ) 5104 91.7 | 3914 
higher 1000 (Oleic 


* Individual fatty acids to be recovered were added to separate samples of butter 
fat. 
t All fatty acids to be recovered were added to the same butter fat sample. 


Reliability of Method 


Recoveries on Known Mixtures—Known aqueous mixtures of the sodium 
salts of fatty acids have been subjected to the entire preparatory and 
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analytical procedure described above. The recoveries of individual fatty 
acids of four such mixtures are given in Table I. 

Butter Fat Analyses and Recoveries of Added Fatty Acids—In Table II 
fatty acid analyses and added fatty acid recoveries for two butter fat 
samples are presented. While no component acid analyses of these two 
butter fats by recognized methods are available for comparison, it may 
be noted that the results for individual fatty acids obtained by partition 
chromatography fall well within the normal limits of fatty acid analyses on 
butter fat (7). As may also be seen, recoveries of added fatty acids are 
adequate for most purposes, 


SUMMARY 


1. Sulfuric acid (27 to 35 N) is a better solvent for fatty acids of inter- 
mediate chain length than water, and hence may be used as the non-mobile 
phase in partition chromatograms for the analysis of fatty acid mixtures. 
By the use of both water and sulfuric acid partition chromatograms, quan- 
titative separation of formic, acetic, propionic, n-butyric, caproic, caprylic, 
and capric acids is possible. Higher fatty acids do not interfere. 

2. The partition coefficient data presented facilitate the design of parti- 
tion chromatograms for separation of any mixture of the above acids. 

3. Detailed procedure is given for the quantitative analysis of fatty 
acids in biological materials. For accurate analysis of any one fatty acid, 
more than 10 microequivalents of that acid must be present on the column. 

$. Fatty acids in known mixtures, or fatty acids added to butter fat 
samples, were recovered with a maximum error of 8 per cent. 


Addendum— After this paper had been submitted, a publication appeared (8) deserib- 
ing amethanol-isooctane partition chromatogram for the separation and determination 
of saturated fatty acids of intermediate chain length. Preliminary work has indi 
cated that such chromatograms might be used in conjunction with the procedures de 
scribed in the present paper. 
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THE DETERMINATION OF TRON IN SMALL VOLUMES OF 
BLOOD SERUM* 


By HELEN B. BURCH,*+ OLIVER H. LOWRY,t OTTO A. BESSEY,§ ano 
BELLA Z. BERSON 
(From the Division of Nutrition and Physiology, The Public Health Research 
Institute of The City of New York, Inc., New York) 


(Received for publication, February 10, 1948) 


In an effort to find practical means of distinguishing iron deficiency 
anemias from other types in large population groups, an investigation was 
made of the possibility of measuring iron in an amount of blood serum ob- 
tainable from the finger. Iron deficiency anemias are characterized by 
low serum iron, while other states of diminished hemoglobin formation 
show normal or even high values for serum iron (1-4). The prevalence of 
iron deficiency anemias in large population groups has not been widely 
investigated, owing partly to the difficulty of obtaining necessary quanti- 
ties of blood for analysis and partly to the troublesomeness of existing 
methods. Present methods require 1 to 10 ml. of blood serum and time- 
consuming techniques. 

Most widely used of the methods for iron in blood serum are those in- 
volving color reactions of ferrous iron with a@,a’-bipyridyl (5, 6) or o- 
phenanthroline (4, 7) and of ferric iron with thiocyanate ion (1,8-10). Of 
these three reagents, thiocyanate ion appeared to offer advantages for a 
simple microprocedure. Both bipyridyl and o-phenanthroline require sev- 
eral steps for their use (pH adjustment and reduction of ferric to ferrous 
iron prior to color formation) which it is possible to avoid by using a thio- 
cyanate procedure. It has been found possible, with thiocyanate ion, to 
measure iron with satisfactory precision in 20 ¢.mm. of serum. In this 
method, which is described below, acid and thiocyanate ion are added as 
one reagent to the serum and the iron thiocyanate is extracted directly 
from the mixture with isoamyl alcohol. This avoids the preparation of 
serum filtrates and improves the extraction of iron from the serum proteins. 

In addition to a description of the procedure, illustrative data are pre- 
sented; viz., the daily and hourly variation in serum iron in several normal 
persons. 


* Aided by a grant from the Nutrition Foundation, Inc. 

t Present address, Department of Chemistry, Columbia University, New York. 

} Present address, Department of Pharmacology, Washingten University School 
of Medicine, St. Louis. 

§ Present address, Department of Biological Chemistry, University of [linois Col- 
lege of Medicine, Chicago 
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DETERMINATION OF IRON IN BLOOD SERUM 


EXPERIMENTAL 

Reagents—-All water used is carefully redistilled from glass and stored 
in Pyrex glass-stoppered bottles. 

1. NHSCN, 27 per cent. Traces of iron are removed by adding 0.05 
ml. of concentrated HC] per 100 ml. and extracting with a 3:1 mixture of 
isoamyl aleohol and ethyl ether until no pink color is visible. Stored at 
1° this reagent is satisfactory for several months. 

2. Hydrochloric acid, 1.35 N, prepared from redistilled 6 N (constant 
boiling) acid. 

3. Isoamyl alcohol, redistilled, saturated with water, and stored at 4°, 
On the day used, to 10 ml. is added 0.1 ml. of 0.2 per cent H.O2 prepared 
from 30 per cent HeO2 (superoxol). 

4. Complete reagent. Equal volumes of 27 per cent NH SCN and 
1.35 N HCl] are mixed for each series of determinations. This reagent keeps 
not more than 2 hours. 

5. Standard iron solution. A stock, 100 mg. per cent, iron solution is 
prepared from iron wire (Bureau of Standards) by means of redistilled 
HCl and a few drops of redistilled nitrie acid. A working standard of 
200 y per cent is prepared in 0.01 N HCl. 

6. Ascorbic acid, 30 per cent in ethylene glycol. Warming to 60° is 
necessary to dissolve completely; higher temperatures result in discolora- 
tion. Preparation of fresh solution daily is reeommended. 

Apparatus for 20 C.mm. of Serum— 

1. Constriction pipettes 2, 20, 60, and 90 ¢.mm. (11, 12) and two fine 
tipped constriction pipettes of about 80 ¢.mm. capacity for transferring 
samples in and out of the spectrophotometer cuvettes. 

2. Blood-collecting tubes. Melting point capillaries, 1.5 to 2.0 mm. 
outside diameter, 7 to 10 em. long, e.g., No. 34500, Kimble Glass Company, 
Vineland, New Jersey. These and the serological tubes listed below are 
cleaned by boiling in half concentrated nitric acid, rinsing in distilled water, 
boiling in distilled water, rinsing finally with redistilled water, and dried in 
an oven at 45-50°. 

3. Serological tubes 6 X 50 mm.; e.g., Kimble, No. 45060. 

$. Wooden or plastic racks for tubes. 

5. Glass-stoppered flasks for reagents. ‘These are cleaned in acid and 
rinsed thoroughly with distilled and glass-redistilled water. 

6. Centrifuge fitted with cups suitable for small tubes. 

7. Beckman spectrophotometer adapted to small volumes (13). Micro 
cells of 2 to 2.4 mm. inner width are appropriate. 

8. High speed hand drill with a flattened nail for violently agitating the 
samples to effect the extraction of the aqueous phase with isoamyl al- 
cohol (14). 
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Apparatus for 0.150 MI. of Serum 

1. Constriction pipettes, 0.015, 0.150, 0.45, and 0.6 ml., and two trans- 
fer pipettes of about 0.5 ml. capacity. 

2. Blood-collecting tubes. Pyrex tubing 4 mm. outside diameter, 10 
em. long; cleaned as described above. 

3. Sleeve stoppers (vaccine caps) for stoppering the blood-collecting 
tubes. The outside sleeve is cut off, and the inner core is used. No. 
|A-66F, West Company, Phoenixville, Pennsylvania. 

4. Pyrex test-tubes, 5 ml. 

5. Other equipment as described above. A Coleman junior (model 
6§-A) spectrophotometer with a special adapter may be used for this vol- 
ume (12). 


Procedure 


Collection of Samples—Special care must be taken to have the surface 
of the finger clean. It is then wiped with 80 per cent alcohol and incised 
with a new, clean, Bard-Parker scalpel blade (No. 11). The first drop of 
blood is discarded by wiping with a clean towel. ‘The small samples, e.g., 
for 20 e.mm. of serum, are collected and sealed in the small capillary as 
previously deseribed (15). Volumes up to 150 ¢.mm. of serum (300 ¢.mm. 
of blood) are more conveniently collected by the use of the larger tubes. 
By squeezing the finger this amount of blood is easily obtainable. If 
necessary, the hand should be warmed. The first few mm. of the dry end 
of the tube are coated with vacuum wax or vaseline and a vaccine cap firmly 
pressed into place after filling. The unwaxed end of the tube is closed by 
another cap. Pefore centrifuging, the cap on the waxed end of the tube 
is taped on with adhesive tape. After sealing, the samples are allowed to 
clot, are centrifuged, and the serum is collected at once and stored in 
iron-free tubes, preferably frozen, until analyzed. 

Analysis—It is, of course, necessary to work in rooms as free as possible 
from dust and to take every precaution to avoid contamination of samples 
and clean vessels by covering them whenever possible with dust-proof 
materials. To 20 ¢.mm. of serum in a 6 X 50 mm. tube are added 60 
cmin. of the ‘‘complete reagent.”” ‘The sample is well shaken at once by 
tapping to obtain a finely divided precipitate from which iron can be ex- 
tracted. 90 ¢.mm. of isoamyl alcohol containing H.O, are added. The 
tube is covered with Parafilm, and mixed violently by vibration with the 
high speed motor and nail (“Apparatus,” item (8)). 

Blanks and standards are prepared at the same time by substituting 
either water or standard iron solution for the serum. 

The tubes are chilled in centrifuge cups to 4-10° and then centrifuged 
at 3000 Rpm. for 10 minutes. Approximately 80 c.mm. of the upper 
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isoamyl alcohol layer are pipetted carefully into the Beckman cell with 
care to avoid contamination from the precipitate interface or from the 
water layer. (To clean the narrow Beckman cells, allow them to stand for 
10 or 15 minutes filled with 1 N HCl, rinse well with redistilled water, and 
dry with alcohol and ether. Finally, one of the reagent blanks is used 
for rinsing the cells.) With isoamyl alcohol in the reference cell, the optical 
density of the sample is read at 520 mu (R;). The entire sample is re- 
moved from the cell with a fine pipette and delivered into a clean tube. 
2 c.mm. of the 30 per cent ascorbic acid reagent are added and the solution 
is mixed. After 10 to 60 minutes, the optical density of the solution js 
again measured (Is). 

In practice, a series of samples is read, removed from the cells, and re- 
duced with ascorbic acid. The'tubes are covered with Parafilm and al- 
lowed to stand until the completion of the original readings on a series, 
Then the optical density of the reduced solutions is determined. 

Calculation—Since the same pipettes are used for serum and for iron 
standard solutions, the volume of the pipettes does not enter the calcula- 
tions. 

Ri — R, = Rz 
(R, — Ritank) X 200 100 
X =~ = ¥ % Fe 
Nistawlard <0 Roiank 90 
The factor 100/90 is introduced to correct for the incomplete recovery 
(90 per cent) of iron from serum. 
DISCUSSION 

Extraction of Iron from Serum—For the conversion of iron into a deter- 
minable form, two types of methods have been employed previously: 
(1) ashing and (2) preparation of protein-free filtrates. The various ashing 
methods give total iron values for serum without correction for the possible 
contribution of iron due to hemolysis. Since hemolysis is likely to occur 


to a slight degree even under very favorable conditions, ashing methods . 
J ’ 


for large numbers of samples were considered unsatisfactory. 

Methods depending on precipitation of the protein and removal of iron 
in the filtrate were found to be unsatisfactory on the micro scale. ‘The 
recovery of added iron was low and irregular. It was found possible to 
obtain better recovery of iron and with fewer steps by adding acid and 
NH,SCN as one reagent to the serum and extracting the Fe(SCN); di- 
rectly with isoamyl alcohol. Since irregularities in results were found when 
trichloroacetic acid was used to precipitate the proteins, it was omitted 
from the reaction mixture. The thiocyanic acid itself causes a considerable 
precipitation of the proteins. 
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The concentrations of HCl and NH,SCN and peroxide were chosen to 
give maximal extraction of iron and color development and minimal blank 
values. Increasing any of these three reagents beyond the given concen- 
tration tends to cause an increase in the blank. 
Correction for Acid Hematin—In addition to Fe(SCN);, acid hematin is 
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Fic. 1. Absorption curves of isoamyl alcohol extracts of aqueous solutions: acid 
hematin, acid hematin plus ascorbic acid, ferric thiocyanate, ferric thiocyanate plus 
ascorbic acid. 


unfortunately also extracted into isoamyl alcohol together with other un- 
known materials present in serum which absorb light at the wave-length 
used for measurement (520 my). A means was, therefore, sought to 
eliminate, correct for, or reduce to a minimum this interference. 

Since acid hematin has an absorption 12 times greater at 400 my than at 
520 mu (Fig. 1), it is possible to achieve an approximate correction for acid 
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hematin by measuring the absorption of the isoamyl alcohol extracts gt 
400 mu and calculating the contribution of hematin to the absorption at 
520 mu. However, other materials extracted from serum make the proper 
correction factor somewhat uncertain and, therefore, this procedure yp. 
satisfactory. 

The selective destruction of the color of Fe(SCN) 3 without changing the 
absorption of the interfering materials was another possibility. The addi. 
tion of ammonia decolorized Fe(SCN); but also caused a change in the 
color of acid hematin. Reagents such as stannous chloride and sodium 
arsenite reduced the Fe(SCN); but proved unsatisfactory for other rea- 
sons. However, it was found that minute quantities of ascorbic acid rapidly 
reduced Fe(SCN) 3 in isoamy] alcohol solution and that acid hematin was 
not affected, particularly in the 500 my region (Fig. 1). A 30 per cent 
solution of ascorbic acid in ethylene glycol proved to be a satisfactory re- 
ducing agent because of the low volatility of the solvent and the relatively 
small volume of solution required for the reaction. 

In addition to acid hematin there may be a slight contribution to the 
blank from other substances present in serum. These substances show min- 
imal absorption at 520my (Fig. 2). Although the absorption of Fe(SCN), 
is somewhat less than its maximum at this wave-length, absorption at 520 
my was chosen as best for the serum iron measurements in order to keep 
the blank values as low as possible. 

The difference curves (Fig. 2) furnish further evidence that only 
Fe(SCN)3 is changed by reduction with ascorbic acid. The absorption 
curves for Fe(SCN); extracted from serum and for the same extract after 
addition of ascorbic acid were measured between 420 and 560 mu. The 
difference curve represents the change in absorption on reduction. This 
difference curve is compared with a difference curve calculated from the 
absorption curve of Fe(SCN);. It can be seen that the actual and cal- 
culated difference curves nearly coincide. 

Standards and Recoveries—Proportionality of the Fe(SCN); color pro- 
duced at low concentrations of iron in the micromethod is satisfactory 
(Fig. 3). Iron standards containing 95, 184, and 328 y per cent of Fe were 
used in 20 c.mm. quantities (19, 37, and 66 my of Fe per sample) for these 
measurements. 

Similar concentrations of iron standards were added to serum for re- 
covery experiments (Table I). Whether or not the reagent stands in 
contact with the serum before extraction with isoamyl alcohol seems to 
make no significant difference in the recovery, which averaged 89 per cent 
(Table I). Additional tests have shown that recovery was not increased 
by allowing the serum to stand with one-fourth its volume of 6 N HCl for 
15 minutes prior to the addition of NH;SCN and isoamyl alcohol. The 
peroxide is added to convert and maintain iron in the ferric (IIT) state. 
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Reproducibility—Separate samples of blood from each of four fingers of 
the same hand taken in consecutive order were analyzed in triplicate 
(Table II). ‘The standard deviation among the twelve analyses was 3.6 
y per cent, which agrees with other replicate analyses. The agreement 
between the averages for each finger is about that expected from the 
standard deviation, which suggests that the method of obtaining blood 
from the finger need not introduce additional errors. This is borne out by 
comparison of analysis on blood serum from the finger and from the vein 
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Fic, 2. Absorption curves (Curve A) of Fe(SCN); extracted from serum with 
isoamy! alcohol and (Curve B) of this extract reduced with ascorbic acid and differ- 
ence curves obtained by subtracting the values for Curve B from Curve A and by 
calculating the difference curve from the absorption curve of Fe(SCN)3;. 


(Table IIL). It is indicated in Table III that simple cleansing of the 
finger with alcohol is more effective in preventing contamination of the 
sample than attempting to coat the finger with vaseline, etc. 

Daily and Hourly Fluctuations—F¥ig. 4 records the hourly variations ob- 
served in the serum levels of three subjects during three morning periods. 
In each instance the subjects had been without food for about 15 hours 
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prior to the test to avoid possible alimentary effects. Rather marked 
fluctuations were observed without any definite trend. The greatest 
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Fic. 3. Curve showing proportionality between the concentration of iron in stand- 
ard solutions and the optical density of the reaction product (Fe(SCN);) as measured 
in the isoamy] alcohol layer. 





TABLE I 
Recovery of Iron Added to Serum 








Treatment | Sones Ts Added Fe ha Age Recovery 

| 7g amb | 1 he f00 mh | te 10 | pa 
Standing with reagent 15 min.) 54 100 141 87 
before addition of isoamy] al-| 53 202 234 90 
cohol | 50 396 400 89 
Reagent followed immediately 48 100 134 86 
by isoamyl alcohol extraction | 48 202 234 91 


48 396 400 89 





change in any one 3 hour period was 40 y per cent, the smallest was 6, 
and the average was 20 y per cent. In no case, however, did any sample 
fall below 65 or rise above 122 y per cent. Heilmeyer and Plotner (4) 


have 

quent 
also ¢ 
Hoye 
even 


Fe, 4 


Sté 


Vein 


tion 
iror 

r 
obt 
pos 
per 
per 


16 








ked 
Lest 


6, 
le 
4) 


BURCH, LOWRY, BESSEY, AND BERSON 799 


have reported a decrease in serum iron after 6 hours fasting, with a subse- 
quent rise of 25 per cent after 24 hours. Changes in the serum iron levels 
also occur on different days, as noted by Skouge (2) and more recently by 
Hgyer (16). The latter describes a fall in serum iron from morning to 
evening of an average of 42 y per cent, and daily and weekly average varia- 


Tasrie II 


Serum Fe in Consecutive Samples of Finger Blood 


Finger 1 Finger 2 Finger 3 Finger 4 
Fe, y % 94 94 92 102 
9S 98 94 100 
96 89 06 94 
Average , 96 Q4 4 99 
* 12 analyses 96 
Standard deviation. . 36 


Tasie III 


Comparison of Iron in Blood Serum from Vein and Finger 


Source of serum Fe Source of Serum Fe 
vy per 100 ml. y per 100 ml, 
Vein 99 Finger coated with mineral 135 
107 oil 139 
112 141 
Average 106 138 
Finger cleaned with alcohol 113 Finger coated with vaseline 28 
113 127 
120 
Average : 115 128 


tions of 30 y per cent. Vahlquist (3) obtained 36 y per cent lower serum 
iron at 6.00 p.m. than at 8.00 a.m. on fifteen male subjects. 

Periodically during a period of 1 month, at 11.00 a.m., blood serum was 
obtained from each of four adult women and analyzed for iron by the pro- 
posed micromethod. The individual averages were 92, 94, 100, and 109 y 
per cent. The standard deviations were, respectively, 24, 23, 23, and 21 y 
per cent (Table IV). The lowest value observed was 60 and the highest 
159 y per cent. No correlation of the iron values with the menstrual cycle 
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TABLE IV 


Serum Fe Determinations on Four Subjects During 1 Month 


Subject A Subject B Subject C 
y per 100 ml. y per 100 ml. y per 100 ml 
126 90 110 
64 120 155 
75 4 140 
Sl 127 9] 

96 107 QS 
135 96 
83 lo 64 
118 72 76 
90 60 110 
7: 11] 81 
Cig SS 100 
73 93 85 

101 
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was observed. These averages and fluctuations concur with the data in 
the literature obtained with macro serum iron methods. 

[It is apparent from these measurements and those in the literature that 
the serum iron levels may undergo considerable hourly and daily variation. 
This must surely be taken into account in interpreting data designed to 
reveal nutritional status with respect to iron. On the basis of knowledge 
now available on the subject, the following conclusions seem reasonable. 
Serum iron values less than 60 y per cent are rarely found in well nourished 
persons and, therefore, in the absence of infection or other pathology (17) 
such low values can probably be interpreted as indicating an iron de- 
ficiency. Conversely, values above 60 y per cent indicate an adequate iron 
supply. Since factors other than iron supply lead to rather wide fluctua- 
tions in serum values, such analyses cannot be safely used to estimate iron 
intake except on a rather rough scale. This limitation notwithstanding, 
serum iron analysis, if a suitable method were available, would seem to 
provide a useful and practical means of determining the occurrence of iron 
deficiency in large population groups. It is felt possible that the proposed 
micromethod may serve this function. 


SUMMARY 


|. Asimple method is described for the determination of iron in 20 ¢.mm. 
of blood serum with ferric thiocvanate as the colored compound measured. 
Lron added to serum is consistently recovered to the extent of about 90 
per cent. The standard deviation of replicates is 3 to 5 y per cent. Since 
blood serum from the finger can be used and since one analyst can perform 
twenty-five to fifty analyses in a day, the method appears suitable for 
nutritional surveys. 

2. Hourly variations in serum iron values averaging 20 y per cent were 
observed during 3 hour periods for three well nourished persons. The 
variations over a period of a month for four adult women were greater but 
seemed to be restricted within the limits of 60 to 155 y per cent. Even 
with this variation it is felt that, since serum iron of less than 60 y per cent 
is rare among well nourished persons, serum iron analysis by the method 
described provides a useful and reliable means for determining the oceur- 
rence of iron deficiency in large population groups. 
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THE EFFECT OF PYRIDOXINE DEFICIENCY ON THE 
TRYPTOPHAN-NIACIN TRANSFORMATION 
IN RATS* 
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(From the Department of Nutrition, Harvard School of Public Health, and the 
Department of Biological Chemistry, Harvard Medical School, Boston) 
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Investigations conducted by Lepkovsky and his coworkers (1), Cart- 
wright et al. (2), Schweigert and Pearson (3), and Rosen, Huff, and Perl- 
aweig (4) indicate that pyridoxine plays a réle in the conversion of 
tryptophan to niacin derivatives in rats, mice, and swine. Rosen, Huff, 
and Perlzweig observed that in pyridoxine-deficient rats the urinary excre- 
tion of N'-methylnicotinamide after ingestion of tryptophan did not return 
to normal levels even after 2 weeks of refeeding with pyridoxine. They 
suspected that certain permanent changes might have occurred to the pyri- 
doxine-deficient rats which impaired the conversion mechanism. The ques- 
tion still remains whether the transformation occurs in the intestinal tract 
by bacterial synthesis or metabolic processes in the animal body. Kohn 
(5, 6), Handler (7), and their collaborators have shown that when niacin 
was ingested by human subjects, or added to the blood in vitro, it was 
quickly synthesized into pyridine nucleotides (coenzymes I and II) by the 
red blood cells. Therefore, it was thought of interest to investigate the 
effect of intravenous injection of tryptophan on the fluctuation of total 
pyridine nucleotides in the erythrocytes in normal and pyridoxine-deficient 
rats. 


EXPERIMENTAL 


Three lots of albino rats were used in this study. These were eighteen 
young adult males weighing between 203 and 258 gm. at the beginning of 
the experiments, twelve females weighing between 261 and 283 gm., and 
ten young males between 72 and 98 gm. in weight. One-half of the adult 
animals of each sex was given the pyridoxine-deficient diet and the other 
half the control diet. Of the young animals, seven were made deficient and 
three served as controls. All of these animals were kept in individual cages 
with food and water supplied ad libitum. 

Pyridoxine deficiency was induced by omitting pyridoxine from the diet 
and including the antivitamin desoxypyridoxine (8, 9). The composition 


* Supported in part by grants-in-aid from the Nutrition Foundation, Inc., New 
York, and the Milbank Memorial Fund, New York. 
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of the pyridoxine-deficient diet is given in Table I. ‘The control diet was 
the same except that 500 y of pyridoxine hydrochloride were included per 
100 gm. of diet. 

The young male rats began to show signs of acrodynia after being on the 
pyridoxine-deficient diet for about 5 weeks. The paws became reddened. 
squamous, and swollen, and the region about the nose was red and eroded 
with inflammatory secretion. Several of the young rats developed a scaly 
tail. Loss of appetite and emaciation were generally noted among these 
deficient animals. At 7 weeks, some of the adult males on the deficient 
diet also developed typical dermatitis. Most of the deficient animals ex- 
hibited nervousness and fright, and one of them died of motor paralysis 


TABLE | 


Composition of Pyridoxine-Deficient Diet 


Ingredients Per 100 gm. Ingredients Per 100gm 
gm. ms 
Casein, vitamin-free, Labco 18.0 p-Aminobenzoic acid 10 
Salt Mixture IV* 4.0 
Sucrose (2.7 Thiamine hydrochloride 10) 
Corn oil 5.0 Riboflavin 800 
1.-Cystine 0.5 Ca pantothenate 2500) 
Choline chloride 0.1 Folic acid 100) 
me Biotin 20 
«-Tocopherol 15 Desoxypyridoxine 2000 
Inositol 20 drot 
Oleum percomorphum 15 


* Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem 
138, 459 (1941). 


preceded by ataxia. Several others succumbed to pneumonia and septic 
infections. The main feature on autopsy of pyridoxine-deficient rats was 
marasmus and generalized atrophy of the lymphoid tissues. In order 
to keep these rats alive and maintain the deficient state for study, des- 
oxypyridoxine was withdrawn from their rations and its casein content 
increased to 25 per cent after the 7th week of the experiment. 
Determination of total pyridine nucleotides in the erythrocytes was made 


by the alkali-acetone condensation method of Levitas et al. (10), somewhat , 


modified for the use of a small quantity of blood specimen. 0.4 ml. of the 
whole blood was laked drop by drop in a small test-tube containing 0.8 ml. 
of a 25 per cent trichloroacetic acid solution and 2.8 ml. of distilled water. 
After standing for about 2 minutes, the mixture was centrifuged and filtered, 
end 0.3 ml. of the filtrate was used for each tube in the analysis according 
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to the original method described by the above authors. Readings were 
made in a Lumetron fluorometer with the quinine sulfate standard (0.3 y 
per ml.); the galvanometer was set at 100. Hematocrits were determined 
simultaneously, mostly in duplicate, with Van Allen micro hematrocrit 
tubes. 

Separate determinations of fluorescent material in the plasma and in the 
erythrocytes were made on several samples taken from two animals before 
and after the injection of tryptophan. It was found that the plasma con- 
tains only one-tenth to one-fifteenth, with an average of 9 per cent, of the 
total fluorescent material in the whole blood. Hence, when whole blood 
was analyzed, the fluorescent material in the erythrocytes was computed 
by subtracting 9 per cent from the value obtained with the whole blood. 
This was found to be in agreement with the values determined directly from 
washed erythrocytes in the subsequent experiment. The fluorescent mate- 
rial per ml. of erythrocytes was calculated from the hematocrit obtained 
at each period. The recovery values of 0.5 y of N'-methylnicotinamide 
added to the blood filtrate were in most instances 38 divisions per micro- 
gram on the Lumetron fluorometer, which was similar to those reported by 
Levitas cf al. Therefore, the diphosphopyridine nucleotide-N'-methyl- 
nicotinamide proportionality factor, 15/38 = 04, seems to be applicable 
and was used in the computation of total pyridine nucleotides in the eryth- 
rocytes and expressed as diphosphopyridine nucleotide (DPN). 

In the experiment on the pyridine nucleotide synthesis by erythrocytes 
following the injection of niacin, the pyridine nucleotide content in the red 
blood cells was determined from erythrocytes washed several times with 
Ringer’s solution and resuspended in the Ringer’s solution to 1 ml. volume. 
This suspension was laked in trichloroacetic acid solution and analyzed in 
the manner described above, and the pyridine nucleotide per ml. of eryth- 
rocytes calculated from the hematocrit. 

N'-Methylnicotinamide in the urine was determined by the fluorometric 
method of Huff and Perlzweig (11). Xanthurenic acid excretion in the 
urine was measured by the photometric method described by Rosen, Huff, 
and Perlaweig (4) based on the green ferric salt formation in the alkaline 
urine suggested by Lepkovsky et al. (1). 

Fluctuation of Total Pyridine Nucleotides in Erythrocytes after Intravenous 
Injection of Tryptophan in Normal and Pyridoxine-Deficient Rats—1 ml. of 
a freshly prepared sterile solution of L-tryptophan containing 50 mg. per 
ml., in 0.12 N NaOH, was injected into the tail vein of the rat. About 
0.5 to 0.7 ml. of blood specimen was taken by heart puncture just before 
and every 2 hours after the injection of tryptophan, and total pyridine 
nucleotide and hematocrit determined. The results of the nucleotide de- 
terminations are summarized in Fig. 1. In the normal group, some of the 
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animals died of heart puncture due to pericardial hemorrhage before com- 
plete data were obtained. It is interesting that the mortality of heart pune- 
ture from pericardial hemorrhage was higher among the normal than the 
pyridoxine-deficient rats. 

In the normal rats, after intravenous injection of tryptophan, the pyridine 
nucleotide level began to rise in 4 hours, reached its peak between 8 and 10 
hours, and decreased gradually thereafter to near its initial level after 24 
hours. The results of separate analysis of plasma and red blood cells in- 
dicated that the plasma portion of the fluorescent material did not increase 












e s— NORMAL 
e > 

= a 
re &. 
2 2 5 cig 
Fo / 
z% oO J > B6 DEF +1MG PYRIDOXINE 
a “) ’ 
io) 1 Fal 
re) - 
22 

geet + 
9 Mag nan BG DEFICIENT 
A ee ee eo WE” 

2) 

‘ 
J 
= 
$ 
22 
a 
(=) 
a ry 
as 








9) a e 2 6 20 HOURS 
Fic. 1. The effect of tryptophan and niacin injections upon the erythrocyte DPN 
level in normal and pyridoxine-deficient rats. Each point represents the average of 
the values obtained from five rats in the upper three curves and from three rats in 
the lower two curves. 


after the injection of tryptophan, but rather tended to be slightly lowe! 
than the initial levels as more blood was withdrawn. Apparently, any in- 
crease in the fluorescent material in the blood after injection of tryptophan 
Was in the erythrocytes and not in the plasma. 

The pyridoxine-deficient animals had a low average initial level of pyri- 
dine nucleotides in the erythrocytes, and in contrast to the rise in nucleo- 
tides observed in normal animals after the tryptophan injection, there was 
a slight decline, probably due to the loss of blood. 

The average initial hematocrit was 47.6 for the normal, and 46.6 for the 
pyridoxine-deficient rats. The hematocrit decreased at an average rate of 
approximately 7 per cent its total value after each heart puncture, and 


the 
def 


tore 
tive 
hy 
top 
of | 
to 

try 
ery 
pre 
8 h 
hig 
suf 
to] 


In 
me 
inf 
roc 
mo 
ery 
ste 
ous 
nu 
cell 
def 
the 
phi 
def 


tah 
def 
coll 
def 
ver 
an 

inj 
phs 
the 


exe 





f 


d 


(.-1. LING, D. M. HEGSTED, AND F. J. STARE 807 


there was no significant difference between the normal and the pyridoxine- 


deficient groups ofamimals. 


Response of Pyridoxine-Deficient Rats to Injection of Pyridoxine on Res- 
toration of Their Ability to Convert Tryptophan into Nicotinic Acid Deriva- 
tives—The effect of subcutaneous injection of 1 mg. of pyridoxine 
hydrochloride | hour prior to the intravenous injection of 50 mg. of L-tryp- 
tophan in the pyridoxine-deficient rats was examined. After the injection 
of pyridoxine, the animals immediately increased their appetite and began 
to feed prodigiously. Blood specimens taken just before the injection of 
tryptophan gave an average initial value of pyridine nucleotides in the 
erythrocytes between those of the normal and the deficient rats without 
previous injection of the vitamin. The highest average level was reached 
8 hours after tryptophan was administered and maintained at a relatively 
high level even after 24 hours. Apparently, with the increased appetite, 
sufficient tryptophan was obtained from the casein (25 per cent) in the diet 
to keep the pyridine nucleotides at this high level. 

Synthesis of Pyridine Nucleotides by Erythrocytes Following Subcutaneous 
Injection of Niacin in Normal and Pyridoxine-Deficient Rats—This experi- 
ment was conducted to determine whether pyridoxine deficiency has any 
influence on the svnthesis of pyridine nucleotides from niacin by the eryth- 
rocytes in the rat. Since Handler and Kohn (7) found that free niacin was 
more effective than niacinamide for the coenzyme synthesis by human 
erythrocytes, the free vitamin was used in this investigation. 1 ml. of a 
sterile solution containing 10 mg. of nicotinic acid was injected subcutane- 
ously into each of the normal and pyridoxine-deficient rats. The pyridine 
nucleotides in the ervthrocytes were determined with the washed red blood 
cell suspension as described above. The results of both normal and the 
deficient groups are shown in Fig. 1. It will be seen that in both instances 
the response to niacin injection came earlier than after injection of trypto- 
phan to normal rats, or after injection of pyridoxine and tryptophan to the 
deficient rats. 

Urinary Excretion of N'-Methylnicotinamide-—The excretion of this me- 
tabolite was first determined on a group of young rats after 7 weeks on the 
deficient diet. The average 24 hour excretion as measured from a 4 day 
collection of urine ranged between 17.2 to 39.4 y for the five: pyridoxine- 
deficient rats, and from 43.5 to 510 y for the three controls. The intra- 
venous injection of 50 mg. of L-tryptophan in the control animals produced 
an increase in excretion to 328 y per 24 hours compared to 92 y prior to 
injection. Deficient animals given 1 mg. of pyridoxine before the trypto- 
phan injection excreted 421 y per 24 hours compared to 71 y previous to 
the injection. The subcutaneous injection of 10 mg. of niacin caused the 
excretion of N'-methylnicotinamide to increase from 93 to 595 y per 24 hours 
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in the control animals compared to an increase from 71 to 1193 y in pyri- 
doxine-deficient animals. These figures are the average obtained with 
three or four animals in each case. 

Xanthurenic Acid Excretion in Pyridoxine Deficiency—The xanthureniec 
acid excretion by three pyridoxine-deficient rats with an average daily food 
intake of 5.0, 3.5, and 8.5 gm. each was 0.59, 0.66, and 1.08 mg. respectively 
per 24 hours. The ration contained 25 per cent casein which yields 13 
to 1.4 per cent of tryptophan (12, 13) and would provide approximately 
17, 12, and 30 mg. of L-tryptophan respectively per day. When 150 mg. 
of pt-tryptophan along with 3 gm. of the ration were fed to each one of these 
rats, they excreted 13.44, 3.52, and 15.40 mg. of xanthurenic acid respec- 
tively per 24 hours. The excretion ceased abruptly after subcutaneous in- 
jection of 1 mg. of pyridoxine, but reappeared 48 hours later in one of the 
animals which excreted only 3.52 mg. in the first 24 hours after feeding 
tryptophan. 


DISCUSSION 


The present investigation reveals that intravenous injection of 50 mg. of 
L-tryptophan to normal rats induced a significant rise in total pyridine 
nucleotides in the erythrocytes which reached a peak 8 to 10 hours after 
the injection. The average maximal increase at 8 hours after the injection 
was 23 per cent over the initial levels. Calculated from the average weight 
of the rats and assuming their blood volume to be 6.4 per cent (6.2 to 6.7 
per cent)! (14-16) and the average hematocrit at 8 hours to be 34.5 per cent, 
an erythrocyte volume of 7.1 ml. is obtained. This would account for a maxi- 
mal increase in the erythrocytes of 230.8 y as DPN or 46.2 y as niacin per 
rat. It is reasonable to suppose that pyridine nucleotides are taken up 
by the tissues as they are synthesized, partly stored, and partly utilized in 
the metabolic processes, and then excreted as metabolites. Also a consid- 
erable portion of the converted niacin may be excreted in the urine as the 
free vitamin (3). Hence, no estimate of the amount of the injected tryp- 
tophan being converted into niacin can be made. 

In the pyridoxine-deficient rats, intravenous injection of tryptophan 
caused no increment in the pyridine nucleotide content of the erythrocytes. 
The difference between the normal and the pyridoxine-deficient groups of 
animals 8 hours after the injection was 43.6 + 16.2 y as DPN per ml. of 
erythrocytes. The difference was more than twice the sum of the standard 
errors and was, therefore, statistically significant. Similar results were ob- 
tained by Rosen (4) and by Schweigert (3) and their respective coworkers 
by the measurement of urinary excretion of N'-methylnicotinamide and ni- 


1 Our own data, 6.6 per cent of the body weight determined with Evans blue (T- 
1824). 
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acin after the feeding or injection of tryptophan. Handler (17) suggested 
that “this defect in the metabolism of tryptophane in pyridoxine-deficient 
rats may be related to the demonstrated functioning of pyridoxine deriva- 
tives in decarboxylase and transaminase systems” as indicated by the in- 
vestigations of Bellamy (18), Gunsalus (19), Umbreit (20), Schlenk and Snell 
(21), Lichstein (22), and their respective coworkers. 

However, subcutaneous injection of 1 mg. of pyridoxine 1 hour prior to 
the injection of tryptophan to pyridoxine-deficient rats gave results similar 
to those found in normal animals. The highest increase in pyridine nucleo- 
tide content of the erythrocytes was 28.6 per cent over the average initial 
level. The erythrocyte volume calculated from the average weight and 
the hematocrit at 8 hours after the injection (42.3 per cent) was 6.0 ml. 
This would give a total maximal increment in the erythrocytes of the whole 
rat of 230.4 y as DPN, or of 46.0 y as niacin as against the 230.8 y as DPN, 
or 46.2 y as niacin found in the normal rats. Although the normal and 
the deficient animals differ considerably in their average weight and eryth- 
rocyte volume, the calculated average maximal increase per rat after the 
injection of tryptophan was almost equivalent in both groups when 1 mg. 
of pyridoxine was given to the deficient ones. These results suggest that 
the injection of pyridoxine to the deficient rats immediately restored their 
ability to convert tryptophan into niacin derivatives. 

Anderson (23), Axelrod (24, 25), Dann (26), Kohn (27, 28), and their 
respective collaborators have found that, while factor V (coenzyme I) and 
the tissue niacin levels in muscle, liver, ete., decreased following the di- 
minished intake of niacin in the diet, the coenzyme content in the erythro- 
cytes was very little affected by the lowered intake. This was true with 
man and various species of animals, dogs, swine, chicks, etc. In the present 
investigation, it was found that the pyridoxine-deficient rats had a low pyri- 
dine nucleotide content of the erythrocytes. Therefore, it may not be amiss 
to presume that the pyridoxine-deficient rats suffer even greater privation 
of the coenzymes and niacin derivatives in the tissues than niacin-deficient 
animals. The findings of Rosen et al. (4) of a continued low urinary excre- 
tion of N'-methylnicotinamide long after refeeding pyridoxine to the de- 
ficient animals may be explainable in that the niacin derivatives formed 
from tryptophan were, to a great extent, synthesized into pyridine nucleo- 
tides and distributed in the tissues and the blood to restore and maintain 
their normal levels rather than excreted in the urine. The rapid growth and 
recovery of body weight after refeeding with pyridoxine cause swift gains 
in the masses of body tissues, and would further increase the storage of 
niacin derivatives and tryptophan in the body. These factors make it un- 
derstandable that as long as the deficient animals are gaining in weight after 
restoration of pyridoxine to their diet much smaller amounts of metabolites 
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of niacin are excreted than by normal rats fed equal quantities of trypto- 
phan. 

The prompt responses of normal rats to the injection of tryptophan and 
the similar responses by pyridoxine-deficient animals to the combined in- 
jection of pyridoxine and tryptophan make it seem unlikely that intestinal 
flora are concerned in this conversion. 

Subcutaneous injection of 10 mg. of niacin to normal and pyridoxine- 
deficient rats induced about the same amount of nucleotide synthesis by 
the erythrocytes and the excretion of large quantities of N'-methylnicotin- 
amide in the urine in both groups. There was no significant difference in 
the reaction to the injection of niacin in normal and deficient animals. 
Hence, it may be inferred that pyridoxine derivatives are not involved 
in the synthesis of pyridine nucleotides from niacin. 

The injection of 10 mg. of niacin resulted in a smaller increment in the 
pyridine nucleotides in the erythrocytes, but a greater urinary excretion 
of N'-methylnicotinamide than was found after intravenous injection of 
50 mg. of L-tryptophan. These facts suggest that the injected vitamin was 
quickly removed from the blood stream and excreted in the urine as the 
methylated product, whereas the niacin derivatives formed in the body 
from tryptophan were better utilized for synthesis of coenzyme and a higher 
percentage of it was preserved in the animal body. Approximately from 
8 to 27 per cent of the injected niacin was recovered from the urine as 
N!-methylnicotinamide in the next 48 hours following the injection. This 
agrees with the findings of Rosen, Huff, and Perlzweig (4). Schweigert 
and Pearson (3) found that a considerable portion of niacin was excreted as 
the free vitamin. Knox and Grossman (29) reported that in man about 10 
per cent of the administered nicotinamide was isolated from the urine as 6- 
pyridone. 

The urinary excretion of N'-methylnicotinamide after the injection of 
50 mg. of L-tryptophan did not increase as much as when 100 mg. of DL- 
tryptophan were fed orally to the rats by Rosen et al. (4). Schweigert and 
his coworkers (30) pointed out that tryptophan is rapidly removed from 
the blood of both normal and Bg-deficient rats after injection and, there- 
fore, less niacin was formed than when the same amount of the amino acid 
was fed to the animals. 


SUMMARY 


1. The changes of total pyridine nucleotide levels in the erythrocytes 
after intravenous injection of 50 mg. of L-tryptophan to normal and pyri- 
doxine-deficient rats showed that there was a significant rise in normal rats 
but no increase when the same injection was made to pyridoxine-deficient 
animals. 
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2. Subcutaneous injection of 1 mg. of pyridoxine hydrochloride to pyr- 
idoxine-deficient rats 1 hour prior to the injection of tryptophan incited 
prompt response and the increment in the pyridine nucleotide content of 
the erythrocytes was the same as in normal rats. This indicates immediate 
recovery of the animal’s ability to convert tryptophan into niacin deriva- 
tives. 

3. The response to intravenous tryptophan occurred as early as 4 hours 
and reached its peak from 8 to 10 hours after the injection, suggesting 
that bacterial synthesis in the intestine is not concerned in this conversion. 

4. In contrast to the results after tryptophan injection, normal and 
pyridoxine-deficient rats showed no significant difference in pyridine 
nucleotide synthesis by the erythrocytes after injection of niacin. Hence, 
it may be deduced that pyridoxine derivatives are not involved in the 
synthesis of pyridine nucleotide from niacin. 


Thanks are due to Dr. P. 8. Sarma, Dr. R. E. Olson, Dr. A. Lapi, and 
Dr. Jane Worcester for helpful suggestions concerning this research. We 
are indebted to Merck and Company, Inc., Rahway, New Jersey, the 
Corn Industries Research Foundation, New York, Sheffield Farms Com- 
pany, Inc., New York, and the Research and Development Department, 
General Foods Corporation, Hoboken, New Jersey, for generously furnish- 
ing various supplies used in these studies. 
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THE DECARBOXYLATION OF t-PHENYLALANINE BY 
STREPTOCOCCUS FAECALIS R* 


By R. W. McGILVERY{ ann PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison) 
(Received for publication April 5, 1948) 


Gale (1) and Epps (2) have reported the properties of an enzyme obtained 
from various strains of Streptococcus faecalis which decarboxylates tyrosine 
and dihydroxyphenylalanine. Both of these authors reported that the 
enzyme preparations, whether made by washing the whole organism, by 
drying the cells with acetone, or by further purification procedures, were 
specific to the above two amino acids. 

In the course of studies in which we were employing an acetone powder 
of Streptococcus faecalis R as a reagent for the estimation of tyrosine in the 
presence of other amino acids, we noticed that under certain conditions the 
medium apparently contained more tyrosine than the amount originally 
added. Upon investigation, this proved to be due to a concomitant decar- 
boxylation of phenylalanine by the decarboxylase preparation. 

The culture of the organism and the preparation of the acetone powder 
have been previously described (2). We employed a medium containing 
30 gm. of casein acid hydrolysate (Stearns, amino acids 20 per cent solution), 
10 gm. of glucose; and 5 gm. of dried yeast extract (Difco) per liter, suffi- 
cient dipotassium phosphate being added to bring the pH up to 6.0. The 
organism was grown at 37° for 16 hours. 

All measurements were made with the Warburg apparatus at 38° with 
nitrogen as the gas phase, the acetone powder being added from the side 
arm as a suspension in 0.3 Mm citrate buffer, pH 5.4. The main compart- 
ment contained the substrates in the same buffer. The t-phenylaianine 
employed gave no color with the Millon’s test for tyrosine. 

Fig. | illustrates the decarboxylation of 16 micromoles of L-phenylalanine 
by 50 mg. of the acetone powder. The reaction is 98 per cent completed 
in 6 hours under these conditions. In similar experiments, 60 mg. of the 
enzyme preparation caused 100 per cent decarboxylation of the amino acid 
in the same time. 

We could demonstrate no effect of the presence of L-phenylalanine on the 
decarboxylation of L-tyrosine by the preparation (Fig. 2), even though 40 
micromoles of L-phenylalanine were added as compared to 5 micromoles 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 
} National Institute of Health Senior Research Fellow. 
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of tyrosine. The low activity with phenylalanine, approximately 0.0] 
that obtained with tyrosine, coupled with the inability to saturate the 
enzyme with tyrosine because of the latter’s insolubility, makes it difficult 
to show whether the two reactions are additive. 

Since our purpose was not to attempt to embellish the excellent kinetic 
studies of Gale and Epps, but rather to point out a source of error in employ- 
ing the enzyme preparation in the specific analysis of tyrosine, we have not 
pursued the purification further, and cannot say whether tyrosine decar- 
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Fic. 1. Decarboxylation of L-phenylalanine. The main compartment contained 
16 micromoles of L-phenylalanine in 2.5 ml. of 0.3 M citrate buffer at pH 5.4. 50 mg. 
of acetone powder suspended in 0.5 ml. of citrate buffer were added from the side arm 
at zero time; incubated at 38° with nitrogen as the gas phase. 


boxylase also decarboxylates phenylalanine, or whether «a second deear- 
boxylase is present in the acetone powder. In an experiment in which 50 mg. 
of the acetone powder produced 218 microliters of C(O, in 1 hour from 
L-phenylalanine, no decarboxylation of L-alanine, L-tryptophan, or L-proline 
could be demonstrated. 

In order to identify the end-product of the reaction, 1.0 gm. of pL-phenyl- 
alanine and 2.0 gm. of acetone powder were incubated with 500 ml. of 03 
M citrate, pH 5.4, at 38° for 7 hours. The mixture was made alkaline by 
the addition of 50 ml. of 50 per cent NaOH, and extracted with three 250 
ml. portions of ethyl ether. The ether was separated, washed with 100 ml. 
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of water, and dried 3 days over anhydrous sodium sulfate. The ether was 
removed and the salt washed with anhydrous ether. The combined extract 
and washings were evaporated in vacuo, yielding a viscous brown oil, 
weighing 207 mg. ‘The oil was treated with excess benzoyl chloride in 
alkali in the usual manner, and the solid which separated was filtered off 
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Fic. 2. Decarboxylation of L-tyrosine in the presence of L-phenylalanine. O, 
the main compartment contained 5 micromoles of L-tyrosine in 3.0 ml. of 0.3 m citrate 
buffer, pH 5.4. @, the main compartment contained 5 micromoles of tyrosine and 
40 micromoles of L-phenylalanine in 3.0 ml. of the citrate buffer. 5 mg. of acetone 
powder suspended in 0.5 ml. of citrate buffer were added from the side arm at zero 
time; incubated at 38° with nitrogen as the gas phase. 


and washed with alkali and with water. It was recrystallized from an 
alcohol-water mixture, yielding 195 mg. of white crystals, melting at 
114-115°. The benzoyl derivative was hydrolyzed in boiling 2 N NaOH, 
the hydrolysate extracted with ether, and the ether removed by distillation. 
The resultant oil was then treated with excess benzene sulfonyl chloride, 
the insoluble sodium salt precipitating. The reaction mixture was made 
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acid, and extracted with ether. The ether was evaporated, and the result- 
ant oil recrystallized twice from alcohol-water mixtures, the initial impure 
yellow crop of crystals (m.p. 60-63°) being discarded. The once recrystal- 
lized second crop of transparent leaflets melted at 64.5-065.5°, which was 
raised to 66-66.5° upon the second recrystallization. The two products are 
evidently N-(8-phenylethyl)benzamide and N-(8-phenylethyl)benzene- 
sulfonamide, respectively. 


SUMMARY 


The decarboxylation of L-phenylalanine by an acetone powder of Streplo- 


coccus faecalis R is reported. 
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THE UTILIZATION OF VITAMIN A IN VARIOUS CARRIERS 


By GEORGE R. HALPERN 


(From The Canadian Fishing Company, Ltd., Vancouver, Canada) 
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(From the Department of Poultry Husbandry, University of British Columbia, 


Vancouver, Canada) 
(Received for publication, March 1, 1948) 


At present, the vitamin A content of oils is evaluated by spectrophoto- 
metric methods. ‘lo ascertain whether the vitamin oil has been oxidized 
to any extent, the extinction coefficient is determined at 300 my on the 
slope of the vitamin A absorption curve as well as at the absorption maxi- 
mum at 328 mu. The ratio of these two values, Z}%, 300:328 my (1), 

is taken as an index of the oil quality, 0.73 being generally accepted as the 
- maximum ratio which a good oil may have (2, 3). Halpern (4) found that 
the increase of the ratio Ei}, 300:328 mu is due to the formation of a 
new maximum at about 280 my which steadily increases during the oxida- 
tion of vitamin A oils. The ratio Ej.2, 280:328 mu is more indicative of 
oxidative changes in vitamin A oils than is the ratio E},°, 300 :328 mu. 

Fridericia (5) found in 1924 that lard heated in thin layers and then, 
along with butter fat, fed to rats would destroy the vitamin A in the butter 
fat. Later, this observation was confirmed by many investigators. Lease 
et al. (6) used the liver storage technique in rats to determine the action of 
rancid fats upon the action of vitamin A. They found that when the 
peroxide number of lard was increased to 4 less vitamin A was stored, and 
at values of 11 or 30 only small amounts were retained in the liver. In 
general, the destructive action increased with the peroxide number. Dyme 
el al. (7) obtained similar results. They attributed the destructive action 
of rancid fats not only to peroxides but also to other decomposition products 
of fats. 

The state of dispersion in which vitamin A is fed also affects its utiliza- 
tion. Halpern and Biely (8) found that vitamin A is better utilized in 
chicks when fed as a water emulsion than in a vegetable oil carrier. Like- 
wise Sobel e¢ al. (8) made the same observation with rats in tests on vita- 
min A storage in liver. A similar finding was reported on feeding carotene 
to rats (9). 

The present study was carried out to investigate the influence of hydro- 
peroxides and of the spectrophotometric extinction ratios of vitamin A oils 
upon the utilization of vitamin A in chicks. Vitamin A oils with different 
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spectrophotometric extinction ratios were investigated. They were dis- 
solved in various vegetable oils with various peroxide numbers and also 
dispersed in water to form emulsions. Two series of biological experiments 
were carried out, one with New Hampshire pullet chicks, the other with 
white Leghorn cockerel chicks. 


EXPERIMENTAL 


Preparation of Vitamin A Oils—Grayfish liver oils of about 8000 to 10,000 
units of vitamin A per gm. were selected for the experiments. Five differ- 
ent oils were used during Series 1 and 2 of feeding experiments. Their 


TABLE | 


Physicochemical Characteristics of Grayfish Liver Oils 


Oil1 Oil 2 Oil 3 Oil 4 Oils 

Vitamin A estimate at 328 my on whole oil, units 8160 9000 8300 8020 10,115 

Ratio El, 260:328 mp...........| 0.326 | 0.738 | 0.328 | 0.383 | 0.533 

= $*. ) 2BOrgze: **. at Ce (). 807 0.422 0.474 0.613 

‘ . a00:328 “‘. ass 0.690 0.883 0.691 0.690 0.770 

i = adurces **. 0.574 0.565 0.570 0.578 0.570 
Vitamin A estimate at 325 my on unsaponi- » . its ore 

fiable fraction, uni/s $330 Sart oa08 1935 alas 

Ratio E\’S,. 260:325 my. 0.236 0.330 0.230 0.265 (0.262 

* i 280:325 ‘* . 0.347 0.446 0.358 0.362 0.367 

300:325 ‘* . 0.656 0.728 0.659 0.681 0.674 

io sf @usene 0.466 0.478 0). 480 0.498 0.493 
Peroxide value 0.0 16.7 0.8 8.0 27.5 

Free fatty acid, “. . 0.23 0.67 0.30 0.60 0.92 


physicochemical characteristics are listed in Table I. Of the oils used for 
the first experiment, Oil 1 was freshly prepared from selected fresh livers, 
and Oil 2 was blended from two grayfish liver oils which had undergone con- 
siderable oxidation during long storage. Oils 3, 4, and 5 were used in Series 
2 of feeding experiments. Oil 3 was the freshly prepared grayfish liver oil 
used in Series 1. During the 5 months between the experiments it was kept 
deaerated and stabilized at — 25°. Thespectrophotometric characteristics of 
this oil did not change significantly during this period. Grayfish liver Oils 
4 and 5 were prepared from commercial oils by bubbling air at about 85° 
until the desired peroxide values were reached. A comparatively high 
peroxide value can be obtained by this method without affecting the spec- 
trophotometric values, As control oil, reference cod liver oil was used in 
Series 2, 
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Before blending, all oils were deaerated in a vacuum, saturated with car- 
bon dioxide, stabilized with 0.05 per cent mixed tocopherols, and stored 
under nitrogen. Oils 1 and 2 contained in addition 0.1 per cent soy bean 
lecithin. 

The spectrophotometric determinations were carried out with a Beck- 
man spectrophotometer. The analyses on the unsaponifiable fraction were 
made by using essentially the method of Oser et al. (1). The isopropanol 
used in the procedure was purified by refluxing with NaOH and zine dust, 
and was subsequently distilled. The iodometric determinations of peroxide 
values were made according to the method of Lea (10). 

Vitamin A estimates carried out on the unsaponifiable fraction were 
used in preparing the blends. In this way the absorption of the saponi- 
fiable portion and of a part of the oxidized vitamin A was eliminated (4). 
Moreover, it was found by Halpern (4) that the absorption of the unsaponi- 
fiable fraction apart from vitamin A remains fairly constant during 
oxidation of vitamin A oils of high potency. The potency estimates of 
fresh grayfish liver oils were approximately equal on the whole oil and on the 
unsaponifiable fraction. The difference, however, increases with oxidized 
oils because of increased absorption of the saponifiable fraction. 

The potency of grayfish liver Oil 1 was found to be higher on the unsaponi- 
fiable fraction than on the whole oil. The analyses were repeated three 
times in duplicate, always with the same result. It must be assumed, there- 
fore, that this particular grayfish liver oil contained substances which 
slightly depressed the absorption at 328 my on the whole oil. The dif- 
ference did not appear in Oil 3, probably because of a slight increase in ex- 
traneous absorption at 328 mu on the whole oil during storage at — 25°, 

Preparation of Vegetable Oils—In Series 1 of feeding experiments fresh 
and oxidized sunflower seed oils were used (Table IT). The fresh oil was 
a commercial product with a peroxide value of 2.75; the oxidized oil was 
an old oil with a peroxide value of 9.0, and for the purpose of the experiment 
it was further oxidized by bubbling air at 90° until a peroxide value of 17.9 
was reached. In Series 2 three different cottonseed oils were used. The 
fresh oil was very carefully selected, but it was not possible to obtain an oil 
free from peroxides. Oil 3 was a freshly refined cottonseed oil. Cotton- 
seed Oils 4 and 5 were commercial oils oxidized by bubbling air at 90°. 
All vegetable oils were stabilized with 0.05 per cent of mixed tocopherols, 
deaerated in a vacuum, saturated with COs, and stored under nitrogen. 

Preparation of Blends---The oils were blended under an inert gas to the 
desired potencies. The water emulsions for Series | were prepared without 
any fatty emulsifying agent. A 1 per cent solution of methocel (400 centi- 
poise-Dow methyl cellulose, pharmaceutical grade) was used. ‘The metho- 
cel solution was deaerated and saturated with carbon dioxide; 0.05 per cent 
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of gallic acid was added as antioxidant, and the solution was blended with 
the calculated amount of grayfish liver oil in a Waring blendor under ap 
inert gas. The emulsions were fairly stable when kept in a cool place. 


TABLE IT 
Peroxide Values and Per Cent Free Fatty Acid of Vegetable Oils 


Oil No. Oil Peroxide —_ Free fatty 
value acid 
per cent 
1 Sunflower seed oil, commercial product yaa f° 0.3 
2 s ca ** old, oxidized 17.90 0.5 
3 Cottonseed oil, freshly refined 2.00 0.1 
4 rg “commercial, oxidized 9.10 0.6 
” 


ce “ee ce ie 45.00 0.4 


TABLE III 


Results of Series 1 of Feeding Experiments 


Growth of chicks 


: Fed 1 cc. er ‘ Total 
Group No. every Description Average mor- 
2nd day of Groups | tality 


37 days | 44 days | 51 days aandb, 


51 days 


= gm. gm. cm. gm. 
la 50 Vitamin Oil 1 326.0 383.9 | 400.1 174.7 | 
Ib 150 In vegetable Oil 1 408.6 | 507.4 | 549.3 | “**"' 
2a 50 Vitamin Oil 1 281.3 | 314.8 | 336.0 113.5 7 
2b 150 In vegetable Oil 2 372.7 | 458.7) 491.0|° °°" | 1 
| 
3a 50 Vitamin Oil 2 289.6 | 327.1 | 349.5 199 7 5 
3b 150 In vegetable Oil | 377.0 | 461.6 | 495.9 nite 0 
fa 50 Vitamin Oil 2 297.2 | 365.3 | 366.3 116.4 6 
th 150 In vegetable Oil 2 365.0 449.2 466.6 2 
5a 50 Vitamin Oil 1 378.4 448.9 | 467.6 5418 0 
5b 150 In water emulsion 151.0 | 578.5 | 616.1 |” 0 
6a 50 Vitamin Oil 2 325.9 | 400.3 | 416.9 196.1 0 
6b 150 In water emulsion 407.5 | 534.6 | 575.4 0 


Control 0 | No vitamin A All dead 15 


In order to improve the stability of the emulsions employed in Series 2, 
Demal 14 (Emulsol Corporation) was used in addition to methyl cellulose. 
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TaBLe LV 
Results of Series 2 of Feeding Experiments 





| Growth of chicks 











| 
| Fed1 ce. 
Group No. | every 3rd Description | Average of ai 
| day | 35 days | 42days | oun 
| | | | days | 
wnits per | | om | om. | om 
1a | 75 | Reference cod liver oil | 326.3 | 400.7 | 4.— | 0 
ib 225 | In vegetable Oil 3 | 388.2 500.5 | ae 
| | 
2a 75 | Vitamin Oil 3 347.5 | 428.1 458.7 | 0 
2b 225 | In vegetable Oil 3 374.6 | 489.2 | od 0 
| 
0 Soe aia | 
3a 75 | Vitamin Oil 4 gaz.. | 396.5 | 441.0 | 0 
3b | 225 | In vegetable Oil 3 370.5 map Te 
| | 
} 
4a 75 | Vitamin Oil 5 335.7 | 39.1 | 445 | 1 
4b 225 In vegetable Oil 3 | 373.9 | 486.5 | t 1 
5a 75 Vitamin Oil 3 | 371.4 165.5 0 
88.9 
5b 225 | In emulsion | 378.4 512.3 . 0 
6a 75 Vitamin Oil 4 374.5 475.9 494.1 1 
6b 225 In emulsion 374.9 612.3 Ee 0 
7a 75 Vitamin Oil 5 | 368 .0 471.2 493.7 0 
7b 225 In emulsion | 391.2 516.1 —_ 0 
8a 75 Vitamin Oil 3 | 3387.9 427.9 156.5 0 
8b 225 In vegetable Oil 4 367 .6 485.0 iad 0 
9a 75 Vitamin Oil 3 349.7 425.1 150.8 0 
9b 225 In vegetable Oil 5 359.5 176.4 beat 0 
10a 75 Vitamin Oil 5 338 .0 432.3 451.4 1 
10b 225 In vegetable Oil 4 352.6 470.4 i 0 
lla 75 Vitamin Oil 5 320.6 398.3 496.3 3 
lb 225 In vegetable Oil 5 355.6 454.3 a 0 
12a 0 No vitamin A 257.9 All dead 16 


12b | 0 " ne es | 241.0 258.3 12 


Previously it was found that Demal 14 does not change the stability of gray- 
fish liver oils toward oxidation. Mixed tocopherols were added to all emul- 
sions so that the total tocopherol content per cc. was equal to the tocopherol 
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content per cc. of the vitamin solutions in oil. In this way possible varia. 
tions of biological activity due to the action of tocopherols were eliminated 
(11, 12). 

Chick Tests—Two series of biological tests with growing chicks were ear. 
ried out at an interval of 5 months. 

In Series 1 New Hampshire day-old pullet chicks were depleted on a vi- 


TABLE V 
Analysis of Variance of Final Weights of Chicks, Series 1 


Minimum significant 


Variation source Sum of squares Degrees of Mean square difference 
freedom — 
5 per cent 1 per cent 

Total 1,508,878 13] 11,518 

Levels 618,682 | 618 ,682* D4 31 
Treatments.... 265 , 386 5 53 ,077* 4] 54 
Interactions 58,752 5 11, 750T 58 

error... 566 , 058 120 4,717 


* Highly significant. 
+ Significant. 


TABLE VI 


Analysis of Variance of Final Weights of Chicks, Series 2 


’ 


Minimum significant 





Degrees of 


different € 








Variation source Sum of squares ai Mean square 
5 per cent 1 per cent 
Total 1,398 , 929 327 4, 236 
Levels 307 475 | 307 ,475* 12 16 
Treatments 154, 251 10 15,425* 28 36 
Interactions 37 , 664 10 3,766 
Error 899 539 306 2,940 


* Highly significant. 
> p 


tamin A-deficient diet for 7 days and then distributed into nine lots of fifteen 
chicks. The average weights of the lots were approximately equal. 

The chicks were reared in Jamesway battery brooders until they reached 
5 weeks of age and were then transferred to holding battery brooders. 
Throughout the experiment the chicks had free access to the vitamin A- 
deficient diet and water. The chicks were fed the vitamin A preparations 
every other day by mouth with pipettes calibrated to deliver 1 cc. To 
equalize the fat intake in all lots, the chicks that were fed water emulsions 
of vitamin A received also 1 cc. of sunflower seed oil on days when they 
were not fed vitamin A. 
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Series 2 was carried out with white Leghorn day-old cockerel chicks under 
conditions similar to those of Series 1. The chicks were depleted on a vi- 
tamin A-deficient diet and standardized as to weight at 14 days of age. 
Fifteen chicks were placed in each lot and fed the vitamin A preparations 
hy mouth with pipette every 3rd day. As in Series | the fat intake of 
the chicks receiving the water emulsions was equalized by feeding | ce. of 
fresh cottonseed oil. This experiment was discontinued 1 week earlier 
than planned owing to the fact that several lots of chicks became infected 
with coccidiosis after being transferred to the holding batteries. 

The chicks in both experiments were weighed at weekly intervals and a 
record was kept of symptoms of disease and mortality. Mortality, except 
in a few lots fed oxidized oils, was practically nil (Tables [11 and IV). 

In both experiments the chicks received the equivalent of 25 and 75 units 
of vitamin A daily. These levels of vitamin A were chosen because previous 
experience (13) showed that at these levels chicks would show significant 
differences in weight as well as low mortality. Some of the chicks in the 
control lots lived to 6 weeks of age, even though they showed such advanced 
symptoms of vitamin A deficiency as staggering gait, ruffled feathers, swol- 
len eyes, and slight beak necrosis. The average weights of chicks in Series 
| and 2 together with other pertinent data are summarized in Tables ITI 
and IV. The final weights were analyzed statistically and the essential 
data are given in Tables V and VI. 


DISCUSSION 


Grayfish Liver Oils—F rom the data presented in Tables I, III, and IV, it is 
apparent that the biological value of the grayfish liver oils depended mainly 
on the spectrophotometric characteristics of the oils. A critical examina- 
tion of the extinction ratios shows that Oil 2 was the only one with an E}2, 
280:325 mu ratio of over 0.4 for the unsaponifiable fraction. Only this 
grayfish liver oil produced a considerably depressed growth in vegetable oil 
as well asin emulsion. The ratio of 0.4 for E {2, 280:325 mu character- 
izes a highly oxidized grayfish liver oil (4) and possibly represents the limit 
at which the vitamin A of grayfish liver oil can be fully utilized by the chick. 
The extinction ratios taken at 300 my showed on. all oil samples a similar 
trend to the ratios at 280 my. For Oil 2 the E}%, 300:325 my ratio of 
().728 was, however, a border line value (5) and did not indicate so clearly 
as the 280 mu ratio the decreased biological action of the oil. 

The whole oil ratios at 280 and 300 my both showed the same trend but 
did not appear to be so indicative of the quality of the grayfish liver oils as 
were the ratios taken on the unsaponifiable fraction. For example, Oil 5 
had abnormally high ratios on the whole oil but produced a growth rate 
equal to that obtained with fresh Oil 3. 
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The rdle of the hydroperoxides in the grayfish liver oils was found to be 
insignificant. Considering the extent to which the grayfish liver oils were 
diluted for the feeding experiments, this could rather be expected. The 
grayfish liver oils dissolved in fresh vegetable oil and in water emulsion 
showed biological values which were independent of their hydroperoxide 
content. It can be seen from Tables I and IV that grayfish liver Oils 4 and 
5 with peroxide values of 8.0 and 27.5 respectively did not produce signifi- 
cantly different growth from fresh grayfish liver Oil 3 with a peroxide value 
of 0.8. Grayfish liver Oil 2, however, with a peroxide value of 16,7 in 
Series 1, produced a significantly lower growth response than fresh Qi | 
when fed in vegetable oil as well as when fed in emulsion. In explanation 
of the apparent discrepancies in the activity of grayfish liver Oil 2 in the 
Series 1 and grayfish liver Oils 4 and 5 in Series 2, it will be noted that gray- 
fish liver Oil 2 had considerably higher ratios on both the whole oil and the 
unsaponifiable fraction than any of the other grayfish liver oils including 
Oil 5, which had a substantially higher peroxide value. 

Vegetable Carrier Oils—The amount of hydroperoxides fed through the 
medium of the vegetable carrier oils was naturally much larger than that 
from the grayfish liver oils. A more pronounced peroxide action would 
therefore be expected in the groups in which oxidized vegetable oils were 
fed as carriers. 

In Group 2 of Series | (Table IIL), an old sunflower seed oil oxidized by 
prolonged storage and showing a peroxide value of 17.9 was used as a ear- 
rier for the fresh grayfish liver Oil 1. Its effect was to decrease significantly 
the biological action of the vitamin A. In Group 4 of Series 1 the same 
oxidized sunflower seed Oil 2 was fed as a carrier for oxidized grayfish liver 
Oil 2. The growth rate of the chicks did not decrease further. It can 
therefore be concluded that no cumulative action resulted from combining 
the oxidized vegetable oil with the oxidized grayfish liver oil, each of which 
oils alone decreased the biological action of vitamin A. 

In the experiments of Series 2 vegetable Oils 4 and 5 were oxidized by 
bubbling air to peroxide values of 9.1 and 45.0 respectively. These 
two oils were compared to freshly refined vegetable Oil 3, which had a 
peroxide value of 2.0. It can be seen in Table IV, Groups 8, 9, and 
10, that the oxidized oils did not depress the biological action of the 
grayfish liver oil. Only the growth rate of chicks in Group 11, in 
which both the grayfish liver oil and the vegetable oil were oxidized to high 
peroxide values, was slightly lower. The difference, however, was not 
statistically significant. This confirms the results obtained in Series 1 on 
the non-cumulative effect on vitamin A utilization of oxidized vegetable oil 
and oxidized grayfish liver oil when fed together. 

It appears from the results of both series of experiments that the hydro- 
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peroxides alone did not inhibit the action of vitamin A in chicks, but that 
other substances were responsible for the decreased growth produced by 
vegetable Oil 2. ‘These substances are probably decomposition products of 
the hydroperoxides. 

It can be concluded from these results that the chick is more resistant 
toward the action of hydroperoxides than is the rat. As mentioned above, 
the destructive action of peroxides upon vitamin A has been established for 
the rat, the rate of destruction varying with the peroxide value (6). Fur- 
thermore, Smith (14) and Simmons e/ al. (15) found that peroxides also 
destroy vitamin A in vitro, the rate of destruction being again proportional 
to the peroxide value. The reaction rate in vitro is, however, much slower 
than in vive Where prooxidants act as catalysts. 

Emulsions -In both feeding series, the vitamin A oils in emulsion showed 
significantly higher biological values than the same oils dissolved in fresh 
vegetable oil. In some of the treatments the differences in the rate of 
vrowth were statistically highly significant. 

Both the fresh and the oxidized vitamin oils had significantly higher 
biological values when fed in emulsion. It appears that the improved ac- 
tion of vitamin A in water emulsion was not affected by the quality of the 
vitamin oil per se, but that the vitamin A was only better utilized. It was 
interesting to note that oxidized grayfish liver Oil 2 (Table 11) in emulsion 
gave better growth response than fresh grayfish liver Oil | dissolved in 
fresh vegetable oil. The difference was not statistically significant, but 
it can be seen that even the highly oxidized vitamin Oil 2 in emulsion had 
at least the same value as fresh vitamin Oil 1 dissolved in fresh vegetable 
oil. 

The better utilization of vitamin A in emulsion can be explained by the 
large surface between the oil and water phases. The large interfacial area 
provides for the rapid action of ester-splitting enzymes and, therefore, an 
accelerated formation and transfer of the vitamin A alcohol (16) by the 
lymphatic route from the danger zone in the intestinal lumen (17). The 
rate of destruction for vitamin A zn vivo can be very rapid. Apart from the 
action of lipoxidase-salt systems, which could be responsible for the non- 
economic utilization of vitamin A, intestinal juice could be destructive of 
vitamin A, as was found for saliva, gastric juice (18), and bile (19). 


SUMMARY 


Grayfish liver oils having different speetrophotometric ratios and dif- 
lerent peroxide values were dissolved (1) in vegetable oils of different perox- 
ide values and (2) made into water emulsions. The vitamin A preparations 
were fed by mouth with pipette to chicks at the suboptimal rate of 25 and 
75 units per day. 








“rome a wena 











826 UTILIZATION OF VITAMIN A 


The growth response of the chicks to the various preparations was 
studied, and the following conclusions reached. (1) The spectrophoto. 
metric extinction ratios Ej.2, 280:325 my and 300:325 My were usefy| 
in evaluating the biological action of the grayfish liver oils. The ratio 
taken at 280 my was found to be more indicative of quality than the ratis 
at 300 mu. (2) Hydroperoxides up to a peroxide value of 45.0 did not jp. 
hibit the action of vitamin A in chicks. Apparently other compounds thay 
peroxides present in oxidized oils decreased the biological action of vitamin 
A. Furthermore, there was no cumulative inhibiting effect when ap 


oxidized grayfish liver oil was fed in conjunction with an oxidized vegetable 


oil. (3) When fed orally, by pipette, vitamin A oils, whether fresh or oxi. 
dized, had a greater biological value in water emulsion than in vegetable oil 
solution. 


The authors are greatly indebted to Dr. V. C. Brink and Mrs. B. Mareh 
for aid in the statistical analyses of the data, to Mr. S. Yip and Mr. 0, 
Newmarch for technical assistance, and to Professor E. A. Lloyd and Mr, 
H. Beard for their valuable suggestions in the preparation of the manuscript. 
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REACTION OF FORMALDEHYDE WITH PROTEINS 


VI. CROSS-LINKING OF AMINO GROUPS WITH PHENOL, IMIDAZOLE, 
OR INDOLE GROUPS 


By HEINZ FRAENKEL-CONRAT anp HAROLD 8. OLCOTT 


(From the Western Regional Research Laboratory,* Albany, California) 
(Received for publication, March 2, 1948) 


It has been recognized in recent years that, at elevated temperature or in 
acid or alkaline solution, formaldehyde can add as methylol groups to the 
amide (1, 2), guanidyl (3-8), and indole groups (9) of proteins. In con- 
trast, the addition product of formaldehyde with amino groups forms in- 
stantaneously even at neutrality and low temperatures, but this is an 
equilibrium reaction and the methylol compound can be decomposed by 
dilution or dialysis of the reaction mixture (10). The loss of amino nitrogen 
observed in proteins that had been allowed to react with formaldehyde for 
several days and then isolated by dialysis (10-12, 7) thus required further 
explanation. 

One mechanism has recently been proposed (13). Aminomethylol 
groups were found to condense with amide or guanidyl groups at room tem- 
perature and over the range of pH 3 to 8 to form comparatively stable com- 
pounds, whereas under the same conditions neither amines, amides, nor 
guanidyl compounds separately bound formaldehyde in a stable manner. 

dn the present paper it will be shown that similar cross-linking can also 
occur between aminomethylol groups and phenol, imidazole, or indole 
groups. The reactions involving amino groups, formaldehyde, and the 


reactive CH groups on the phenol or imidazole rings are typical of the 


Mannich reaction (14), which, although widely studied and used, has ap- 
parently not yet been considered in connection with protein-formaldehyde 
reactions.' Evidence has now been obtained that these reactions occur 
with proteins under conditions of pH and temperature which are used for 
tanning and for the preparation of toxoids and vaccines. 


EXPERIMENTAL 


The reaction conditions are indicated in the Tables | to VIL. ‘The re- 
action mixtures comprising only small molecular weight compounds were 


* Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 
ministration, United States Department of Agriculture. 

‘ Unlike the usual Mannich reaction (14), however, the present experiments were 
generally carried out with a great excess of formaldehyde in dilute aqueous solution. 
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subjected to analyses after suitable dilution. The pH of all reaction miy. 
tures was measured, after dilution, by means of the glass electrode. Pro. 
teins, after reaction with formaldehyde, were isolated by dialysis (3 days 
against running tap water at room temperature and 3 days against distilled 
water at 3-5°). Control experiments showed that these conditions were 
amply sufficient for the removal of all free formaldehyde or other compounds 
added to the reaction mixtures. When necessary, the products were dried 
by lyophilization. 

Gramicidin derivatives were isolated by precipitating the reaction mix. 
ture with about 10 volumes of 0.1 m sodium chloride, washing the precipi- 
tate with water or dilute saline solution, redissolving it with added ethanol. 
and again precipitating and washing it as before. Some derivatives, nota- 
bly those containing proline or alanine, could be precipitated from 5 to 10 
per cent alcoholic aqueous solution only by addition of sodium chloride to 
0.3 M concentration. Many of the derivatives here described, in contrast 
to gramicidin or methylol gramicidin, vielded bulky gelatinous precipitates, 

Materials—Gramicidin was kindly supplied by the Wallerstein Labo- 
ratories, isinglass by the Connaught Laboratories, and insulin by Eli Lilly 
and Company. The other proteins used have been previously charac- 
terized (1). Crystalline bovine serum albumin and all other chemicals 
were commercial preparations. ‘The amino acids were DL preparations with 
the exception of L-histidine and L-tyrosine. The a-N-acetyl derivatives 
of i-histidine, pL-tryptophan, and pL-tyrosine were prepared according to 
published methods (15-17). The acetylated proteins were prepared by 
selective reaction of the amino groups alone by means of acetic anhydride 
in an aqueous medium at 0° (18). 

Analytical Methods—F¥ree formaldehyde was determined with dimedon 
(19), but in the present study the combined determination of free plus re- 
versibly bound formaldehyde was of greater value. This was achieved 
by a chromotropic acid colorimetric method (20), either directly on aliquots 
of the reaction mixture or, more generally, after eombined acid hydrolysis 
and steam distillation (1). “Irreversibly bound formaldehyde” was the 
difference between the amount added to, and recoverable from, reaction 
mixtures. Controls indicated that there was no destruction of formalde- 
hyde under the conditions of pH and temperature used for the experiments 
or for the analyses. 

The amounts of formaldehyde bound irreversibly by model systems 
containing amines and phenol or imidazole derivatives supplied a valid 
means of gaging the extent of reaction. Colorimetric analyses yielded 
confirmatory evidence. 

The participation of protein in similar reactions was primarily demon- 
strated through a study of their ability to fix small molecular weight 
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phenols, imidazoles, or indoles. The most suitable model compounds for 
this purpose were the corresponding a-N-acetylamino acids, since the 
amount of acetyl groups thus introduced could be analytically determined 
after release by acid hydrolysis. To this end, 25 mg. samples, hydrolyzed 
with 1 ml. of 6 \ sulfuric acid in sealed tubes at 100° for 18 hours, were sub- 
jected to vacuum distillation with repeated additions of water (total, 170 
ml.) and titration of the distillate with 0.02 N sodium hydroxide, with phe- 
nolphthalein as indicator. When chlorophenols were used, chlorine analy- 
ses performed on the isolated proteins served as a measure of the extent of 
interaction. Colorimetric analyses supplied additional evidence. 

Colorimetric determinations of the aromatic and heterocyclic compounds 
were performed for two different purposes. In the one case it was desired 
to demonstrate the involvement of these ring compounds in reactions with 
formaldehyde; in the other, to demonstrate the introduction of added 
simple phenols and indoles into proteins by means of the cross-linking 
methylene group. Different techniques were required. For the first 
purpose it was found that when phenols or imidazoles entered into con- 
densation reactions their ability to combine with most color-forming re- 
agents was considerably lowered. Thus decreases in chromogenic activity 
by the Thomas (21) or Macpherson (22) method indicated involvement of 
phenols and imidazoles, respectively. 

With regard to histidine, and in confirmation of these observations, it 
was found that a derivative prepared from histidine and formaldehyde (23) 
according to Neuberger (24) (imidazole-tetrahydropyridine carboxylic acid, 
Compound B) gave a different color (yellow) and of a lower intensity (16 
to 25 per cent) than an equimolar amount of histidine, both by the original 
Pauly method (25) and with the Macpherson modifications (22)2 This 
reaction represents an intramolecular example of the same type of methy- 
lene condensation that probably occurs between amino and imidazole groups 
of proteins. 

In order to demonstrate colorimetrically the introduction, through the 
Mannich reaction, of added simple phenols or indoles into proteins, a test 
was needed which would be positive for such compounds even after they 
entered into Mannich condensations. The Folin phenol reagent (26) was 
found to act in the desired manner. Actually increased chromogenic ac- 
tivities were obtained with Mannich derivatives of phenols, as compared 
to the original phenols. For the colorimetric detection of introduced histi- 

? Neuberger (24) reported that the N-methylol derivative of Compound B has 
about the same chromogenic activity, on a molar basis, as does histidine. In other 
aspects of the reaction of histidine and formaldehyde, our observations are in accord 


with those of Neuberger, except that on several occasions Compound B was obtained 
as the monohydrate instead of the dihydrate. 
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dine derivatives, only the Macpherson method was used; because of the 
low chromogenic activity of Mannich derivatives of this amino acid, the 
resulting values when calculated from histidine standard curves were ob- 
viously much too low. 

Proteins had to be hydrolyzed prior to application of the colorimetric 
tests. Methods of hydrolysis had to be such as not to reverse the Mannich 
reaction or to favor reactions between the liberated formaldehyde and 
cyclic amino acids. Indole-formaldehyde derivatives (9) and certain 
methylolphenols (27) are hydrolyzed by strong alkali, but the Mannich 
type of phenol-methylene derivatives proved to be stable under conditions 
of alkaline hydrolysis (5 hours at 120° with 5 nN NaOH), which, in turn, did 
not favor secondary condensation reactions. 

For histidine analyses acid hydrolysis was used (18 hours at 120° with 6 
N HCl). When formaldehyde-treated proteins were hydrolyzed in this 
manner, reversibly bound formaldehyde was found to react with the liber- 
ated histidine (and tyrosine). This could be prevented by the addition 
to the protein sample of about half its weight of dimedon, which served to 
trap the liberated formaldehyde. The hydrolysates were neutralized and 
centrifuged, but the usual separation of the histidine fraction was omitted, 
for fear that any formaldehyde condensation derivative of histidine might 
not appear quantitatively in the proper fraction. Thus tyrosine was not 
removed and must have contributed to the chromogenic activity of the 
hydrolysates. Control experiments showed, however, that under Mae- 
pherson’s conditions, tyrosine gives only about 20 per cent of the color that 
is given by histidine, on a molar basis. 

Acid and basic groups were determined by dye methods (28), amino 
nitrogen according to Van Slyke (29), and tryptophan according to Horn 
and Jones (30). 


Results 


Two main types of experiments were performed in studying the Mannich 
interaction of aminomethylol groups with imidazole or phenolic groups. 
(a) The amount of formaldehyde bound irreversibly by model systems, 
comprising aliphatic amino acids and substituted imidazoles or phenols, 
was determined, and (b) simple phenols or acylhistidines were introduced 
through methylene linkage into proteins rich in amino groups. ‘The latter 
techniques could be used also with indoles, but not the former, since simple 
indoles by themselves bind formaldehyde stably over a wide pH range (9), 

3 Histidine and tyrosine do not react with formaldehyde under the conditions of 


combined hydrolysis and steam distillation used in the formaldehyde analysis. 
Tryptophan and cysteine bind formaldehyde under these conditions (9). 
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in contrast to imidazoles or phenols (1, 24, 23).4 Interaction of amines 
and substituted indoles through formaldehyde was further demonstrated 
with gramicidin, which contains 40 per cent of tryptophan. 

Model Systems—Table | lists a series of experiments on the interaction 
of threonine, p-cresol, and formaldehyde at various levels of pH and tem- 


TABLE | 


Reaction between Threonine, p-Cresol, and Formaldehyde* 


Equivalent of Apparent phenolt 


Final pH | Temperature formaldehyde g 
bound Folin Gerngross 
ic 
Threonine + p-cresol.. 3.9 23 1.0 | a 0.7 
se: } - 3.9 40 1.0 1 0.5 
PE ee yd d's aa eos Bae ee 4.0 23 | 0.0 
- ele hatasmieing Sleek 3.9 40 0.1 
I iiss os tevarmae aed 4.1 0 | 0.2 1.0 | 1.0f 
Threonine + p-cresol.. 5.5 40) 0.9 0.5 
- 5.3 40 0.0 | 
p-Cresol 7.0 40 | 0.3 1.1 0.9 
Threonine + p-cresol 6.8§ 23 Oo | 1.8 | 0.7 
" - = £0 1+ BMF tile ve 0.5 
‘ 6.7§ | 23 0.0 | 
“ Me 6.8§ | 40 0.0 
p-Cresol 7.68 23 0.2 10 | 1.0 
‘5 7.5$ 40 0.5 La 0.8 


* 0.75 mm each of the amino acid and the phenol, the latter in 10 per cent solution 
in ethanol, treated for 7 days with 0.3 ml. of 3 mM acetic acid or sodium acetate and 
2.0 ml. of 7.5 per cent formaldehyde (5 mM). 

t In terms of molar equivalents of untreated p-cresol. The latter gives only 55 
per cent of the Folin color, but 140 per cent of the Gerngross color of an equimolar 
amount of tyrosine. 

t The same chromogenic activity was observed with p-cresol which had been 
exposed for 7 days at 40° to acetate of pH 4.1 or phosphate of pH 7.6 in the absence of 
formaldehyde. 

§ 3.4m phosphate buffer (pH 7.6) was used instead of acetate. 


perature. ‘Threonine was chosen in preference to other amines or amino 
acids because it did not fix formaldehyde either by itself or in the presence 
of acetate buffers (13). p-Cresol alone also did not react appreciably at 
room temperature over the range of pH 4.1 to 7.6, nor at 40° up to pH 6.8.4 
When mixtures of equimolar amounts of threonine and p-cresol were treated 


‘ Unpublished experiments of the authors have shown that p-cresol binds formal- 
dehyde at an appreciable rate at pH 11.5, but not at pH 8. 
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i) 
| with formaldehyde at room temperature, however, close to 1 equivalent | 1 
was bound in acid-resistant manner over the entire pH range studied. fl 
7 The chromogenic activities of the derivative of p-cresol in the reaction ( 


| mixtures differed in a consistent manner from those of the untreated p. 
cresol. The Folin color (26) increased to almost double, while the Gern- 
gross color (21) decreased to half. The observed loss in the Gerngross color 
was to be expected, since this reaction involves the carbon ortho to the 
phenolic group and thus generally serves as a means of differentiating ortho- 
substituted from unsubstituted phenols. It was therefore thought that 
2,4-dimethylphenol, if it condensed with threonine and formaldehyde, 
should yield a di-ortho-substituted phenol, which might be expected to T 
give no Gerngross color at all. 

With this purpose in mind, 2 ,4-dimethylphenol was used as an additional 
model. While this phenol reacted somewhat more readily with formalde- 
hyde alone than did p-cresol at pH 4 to 7 and room temperature or 40°, 
the reaction did not go beyond 20 per cent and 40 per cent, respectively, T 
in 7 days (Table II). In contrast, in the presence of threonine complete 
reaction (7.e., fixation of 1 equivalent of formaldehyde) was approached or 
reached, respectively, at the two temperatures. The condensation seemed 
to proceed slightly faster at pH 4.2 and 8.7 than at pH 5.6. 

Colorimetric analyses showed that the Mannich condensation of this 
phenol was also accompanied by increases of the Folin color to almost 
| double that of the starting material. However, as was expected, the Gern- Di 
gross color disappeared as the reaction reached completion. This appears 

to be good evidence for the involvement of the ortho carbon atom in the 
reaction. Thus the doubling of one and the extinction of another chromo- TI 
genic activity clearly characterize a Mannich reaction involving 2,4-di- | 
methylphenol. These reactions also supplied useful evidence for the 
Mannich fixation of the dimethylphenol by proteins. 

A series of experiments with model substances was performed in order to Di 
ascertain whether protein nitrogenous groups other than amino groups -— 
might undergo condensation with formaldehyde and phenols. In agree- 
ment with the literature (14), this appeared not to be possible. Neither 





amide nor guanidyl groups reacted with 2,4-dimethylphenol and _for- z 
maldehyde during 1 week at 40° (Table III). | giy 
When similar model experiments were performed with threonine, for- me 
maldehyde, and a-N-acetyl-L-histidine or L-histidine anhydride, conden- 
sation was found to occur at 40°, but not appreciably at room temperature. 
The results of a few illustrative experiments are summarized in Table IV. dir 
The fixation of formaldehyde proceeded furthest (84 per cent) at pH 6.4 tiv 
with acetylhistidine, and at pH 5.0 (76 per cent) with histidine anhydride. der 
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The extent of interaction was in each case less marked when estimated 
from the change in chromogenic activity than from formaldehyde fixation 
(ag determined both by chromotropic acid after distillation and with 

















Taste If 
Reaction between Threonine, 2,4-Dimethylphenol, and F ormaldehyde* 
| | Equiva- | 
Finst | tine | moe | | eet 
| hyde | Folin Gern- 
bound | gross 
= days | *C. 
Threonine + dimethylphenol...; 4.2 | SF t+ O86 ft a | 0.5 
c+ is 4.2 7 ) @ | O28 ET ee 
«“ + a 4.2 7 40 | 1 1.9 | 0.0 
Pre , 3.9 7 0 | O.1 
Dimethylphenol . 4.2 7 S | GO 1.0 ey 
ee eA eek 4.2 7 40 | 0.4 1.0 | 1.0 
Threonine + dimethylphenol 5.6 1 23 | 0.3 1.4 0.5 
6 + “ 5.6 2 23 | «0.4 1.6 | 0.2 
° + 5.6 7 23 | 0.7 1.8 | 0.0 
" + 5.6 7 40 1.0 1.9 | 0.0 
. *% | 6.7% 7 40 0.8 | 1.8 | 0.0 
“3 | §.3 7 40 0.0 
ne | 6.7 7 23 0.0 
ae | 6.8t 7 40 0.0 
Dimethylphenol 7.0 2 23 0.2 EO 7 RS 
es 7.0 7 23 0.3 OF ) “HE 
4 6.7 7 40 0.4 1.0 0.9 
“ P3 7.6t 7 40 0.2 | 1.0 | 0.7 
Threonine + dimethylphenol 8.7 1 23 0.5 1.0 | 0.2 
‘f 1g re 8.7 2 23 0.7 iL? |. ee 
7 8.5 2 23 0.0 
Dimethylphenol 8.8 2 23 0.2 1.0 0.8 
Threonine + dimethylphenol 9.9 2 23 0.6 1.6 0.0 
2 23 Of | Ta 0.1 


Dimethylphenol. . . Se es 9.8 | 





* 0.75 mm each of the amino acid and the phenol, the latter in 10 per cent solution 
in ethanol, treated with 0.3 ml. of acetic acid or sodium acetate, borate (pH 8 to 9) 
or hydroxide (pH 9.8 to 9.9), and 2.0 ml. of 7.5 per cent formaldehyde (5 mm). 

+ In terms of molar equivalents of untreated 2,4-dimethylphenol. The latter 
gives 69 and 109 per cent of the Folin and Gerngross color, respectively, of an equi- 
molar amount of tyrosine. 

{ 3.4m phosphate buffer (pH 7.6) was used instead of acetate. 


dimedon). This can be due only in part to the residual chromogenic ac- 
tivity of the reaction product. A possible explanation might be that con- 
densation involved primarily the imino group of the imidazole nucleus, 
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particularly near pH 4, and that only the secondary stable (7.e., Mannich 


fixation of the substituted methylene group by the reactive CH group 
led to a loss in chromogenic activity (cf. (24)). 

A series of experiments with formaldehyde, acetylhistidine, and either 
proline, acetamide, or methylguanidine sulfate showed that, as in the case 
of phenols, condensation of imidazoles occurred only in the presence of 
amino or imino groups (Table IV). 

Introduction of Phenols, Indoles, or Imidazoles into Proteins through For- 
maldehyde—The occurrence in proteins of the cross-linking condensation of 
formaldehyde, amino, and phenol or imidazole groups is strongly suggested 


TaB_e [II 
Lack of Reaction between 2,4-Dimethylphenol, Formaldehyde. and Either Acetamid 
or Methylguanidine Sulfate* 


Equivalent of Apparent phenolt 
Final pH formaldehyde 
bound Folin Gerngross 
Methylguanidine + dimethylphenol.. . 4.2 0.2 1.0 1.1 
‘i = 6.1 0.3 1.0 1.0 
Acetamide + dimethylphenol. . . 4,2 0.3 120 1.0 
“ig + si 6.3 0.3 1.0 1.0 
Methylguanidine........... 6.2 0.1 
Acetamide....... ere 6.4 0.3 
Dimethylphenol. . . oe 4.2 0.2 1.0 1.1 


* 1 week at 40°. Concentrations and buffers same as in Tables I and IT. 
+ See foot-note to Table IT. 


by the above findings. However, no unequivocal technique for its demon- 
stration appeared available.’ Only the alteration of the chromogenic ac- 
tivity of the respective amino acid residues could be used as indication of 
their participation in Mannich reactions. The control data obtained with 
formaldehyde-treated serum albumin as compared to its aminoacety! de- 
rivative represent such evidence of the occurrence of Mannich reactions 
(at 40°) with the phenol groups (Table V). More striking changes in the 
chromogenic properties of proteins were obtained at higher temperatures, 
but under such conditions the réle of the amino groups became less clearly 
apparent. 

It appeared that the reaction might be demonstrated unequivocally 
through the fixation, in the presence of formaldehyde, of small molecular 


5 Fixation of formaldehyde and loss of amino nitrogen can be due to condensation 
between amino and amide or guanidyl groups (13), in addition to the reactions dis- 


cussed above. 
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weight phenols, imidazoles, or indoles by proteins rich in amino groups. 
As previously stated, the corresponding acetylamino acids were chosen for 


Tasie IV 
Reaction between Amino Acids, Acetyl-i-histidine or Histidine Anhydride, and 
Formaldehyde* 
Equivalents of 
Ex- formaldehyde bound 
pete Final pH ) apparent 
No. Ba. 2 J Total 
A* | Threonine + acetylhistidine 3.5 0.3 0.3 1.0 
- + es 4.5 0.6 0.9 
- + 6.4 0.8 0.8 0.6 
+ histidine anhydride 4.1 0.4 1.0 
+ a 5.0 0.7 0.7 0.9 
me +- es = 6.8 0.4 0.6 0.8 
- 3.9-6.8 0.0 
Acetylhistidine 3.5 0.0 1.0 
Histidine anhydride 7.5 0.0 1.0 
B* Threonine + acetylhistidine i.3 0.4 8 
. 7.3 0.0 
Acetylhistidine 7.3 0.0 1.0 
Serine + acetylhistidine 4.0 0.8 0.6 
se 4.0 0.3 
Acetylhistidine 7.3 0.0 1.0 
Ct Threonine + acetylhistidine 6.6 Pe 0.5 
Alanine . <: 6.7 1.8} 0.5 
Proline + ‘ 6.8 1.4f 0.8 
Acetamide + as 7.0 0.1 0.9 
Methylguanidine sulfate + acetylhistidine| 6.9 0.2 1.0 
Acetylhistidine 6.9 0.1 1.0 


* At 40° for7 days. Experiment A, 0.75 mo of each of the nitrogenous compounds 
was treated with 0.5 ml. of buffer (see Tables I and IL) and 2.0 ml. of 7.5 per cent 
formaldehyde (6mm). Experiment B, 0.75 mM of each of the nitrogenous compounds 
was treated with 0.75 ml. of buffer and 6.0 ml. of 1.88 per cent formaldehyde (5 mm). 

+ In terms of molar equivalents of the chromogenic activity of the respective 
unchanged histidine derivatives. 

t At 53° for 4 days; concentrations of reactants same as in Experiment A. Amino 
acids, particularly alanine, bind formaldehyde irreversibly by themselves under 
these conditions, so that cnly the colorimetric data serve as positive evidence for 
Mannich condensation with imidazole rings. The lack of reactivity of amide and 
guanidine compounds is shown by both techniques. 


this purpose, since the acetyl group represented a useful “label” for ana- 
lytical purposes. Additional phenolic compounds were o-chlorophenol, 
p-cresol, and 2,4-dimethylphenol; the fixation of the first was determined 
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Combination of Phenols, Indoles, and Imidazoles with Proteins Containing Amino 


TABLE V 





Groups by Reaction with Formaldehyde* 


Compound added 
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“ec 
ce 


se 


2,4-Dimethylphenol 
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Acetyltyrosine 


ce 
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“ce 
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“ce “é 


“ce sé 
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ce 
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se 
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l 
Final pH 
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ss 


23 
40 


40 
40) 


23 
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TABLE V—Concluded 











Apparent | Apparent ‘ Fe ger 
Compound added = Final pH gc — nepdinet gee 
(Folin) t gross) t ” bound§ 
Series B—continued 
Acetyltryptophan || 40 3.5 8.9 | 4.5 
~ 40 5.6 7.2 4.5 
is 40 7.2 6.4 4.8 | 0.09 
Acetylhistidine 40 7:3 6.3 4.3 4.4 | 1.24 
Control, no addition + for 40 7.5 6.0 4.2 5.0 
maldehyde 
Series C. Isinglass * 

" ' °C, | per cent | percent | percent | 
p-Cresol 40 5.6 | 3.3 2.1 | 
2,4-Dimethylphenol 40 5.6 5.2 0.5 | 
Tyrosine 40 5.6 7.2 3.3 | 
Indole-3-acetic acid 40 5.6 3.6 0.4 | 
Acetyltryptophan 40 5.6 3.8 | 0.6 | | 
Controls, tyrosine or indole- 40 5.6 |} ke 0.5 | 

3-acetic acid, without form- 
aldehyde 
No addition + formalde-, 40 5.6 tue h ORS 
hyde 
Unchanged cet es 


* For Series A and B, 1 ml. of 10 per cent protein was treated with 0.1 mmcompound 
(the phenols in the 10 per cent solution in ethanol), 0.3 ml. of 3 M acetate or 3.4 M 
phosphate, and 1 ml. of 7.5 per cent formaldehyde; Series C, 2 ml. of 10 per cent pro- 
tein solution and 0.2 mm addition, with 0.3ml. of buffer and 1 ml. of 7.5 per cent for- 
maldehyde. The amino nitrogen of bovine serum albumin is 1.18 per cent, that of 
the acetylated derivative (18) 0.08 per cent, and that of isinglass 0.48 per cent. 

+ Expressed as tyrosine. Upon analysis at two levels good agreement was ob- 
tained with the Folin method, but not with the Thomas method. The results were 
averaged. 

{ Histidine values include a fraction of the tyrosine present (see under “Analytical 
methods”). 

§ Per 10* gm. of protein, as determined by acetyl or chlorine analyses. 

| 120 per cent of the weight of the protein was obtained, after thorough dialysis, 
from the sample prepared at pH 1.8, 108 per cent from that prepared at pH 3.2, and 
104 per cent from acetylated bovine serum albumin at pH 3.5. (The other prepara- 
tions were obtained in 90 to 105 per cent yield.) These reaction products were 
colored and insoluble. 

{ These figures are, of necessity, differences of two large figures (the acetyl 
bovine serum albumin contains about 9 equivalents of acetyl) and thus subject to 
greater errors than the results obtained with unacetylated albumin. 
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by chlorine analyses, while increases in the Folin color characterized ql] 
products containing methylene-linked phenol or indole compounds. 

The data, as summarized in Table V, show that over the pH range jp. 
vestigated (pH 2 to 7), the phenolic compounds were bound to the highes| 
extent, corresponding to about half of the amino groups of serum albumin, 
at or near neutrality. Reactions proceeded further at 40° than at room 
temperature. The findings with indoles are quite similar, except that 
acetyltryptophan at 40° appeared to be bound maximally at pH 3. Hoy. 
ever, the insolubility and discoloration of this reaction product may suggest 
that complicating side reactions had occurred.’ Acetylhistidine, like the 
phenolic compounds, was bound to the greatest extent in neutral solution, 
Generally, indoles and imidazoles seem to react somewhat less readily than 
do phenols. 

The inability of aminoacetyl serum albumin to fix appreciable amounts 
of any of the model compounds in the presence of formaldehyde at 40° 
clearly establishes the crucial réle of the protein amino groups in the cross- 
linking reaction. The striking difference in the chromogenic activities of 
the p-cresol and dimethylphenol derivatives of serum albumin in regard to 
the Folin and Gerngross reagents (Table V) represents good evidence that 
at least the reactions with phenols are clearly of the Mannich type. 

Introduction of Amines and Amino Acids into Gramicidin through For- 
maldehyde—The participation of indole groups in condensation reactions 
with formaldehyde was further demonstrated by treating gramicidin, which 
contains almost 40 per cent tryptophan, with formaldehyde and various 
amines under a variety of conditions. Interaction was evident in many 
instances, particularly in alkaline solution, from changes in the physical 
properties of the reaction mixture. Altered solubilities were also noted 
for many products during and after their isolation. It was difficult, how- 
ever, to find a reliable quantitative measure of the extent of interaction. 
Analyses for the polar groups introduced into the non-polar gramicidin 
molecule were found most useful (Table VI). Primary amines, possibly 
because of their tendency to cross-link through two methylene bridges, 
lost most of their basicity, so that basic group analyses seemed to yield 
only minimal values, but secondary amines remained sufficiently basic to 
be detected. The carboxyl groups of alanine and proline represented 
suitable “labels” to establish their fixation by gramicidin through for- 
maldehyde. 

The mode of linkage of these amines was not definitely established. If 
the reaction was of the Mannich type, the site of attachment would be 
the a-carbon atom of the indole ring. On the other hand, formaldehyde 


® Attempts to study the reaction of formaldehyde and acetyltryptophan alone in 
acid solutions also led to colored products difficult to characterize. 
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TABLE VI 


Combination of Amines with Gramicidin in Presence of Formaldehyde* 





} 


Groups introduced per 104 | 


Compound added Buffer Final pH abe hae | Rie sar woth 
Acid | Basic 
per cent 
Alanine NaOH 7.8 8.5f 
ee 6.7 5.4 
NaOQAc 5.5 1.9 
None 4.3 3.2 (<10) 
HCl 2.0 2.0 
Proline NaOH 9.9 8.4§ 0.2 (6) 
ss 7.8 6.6)! 0.9 21 
None 4.4 2.8 1.9 
Dimethylamine =e 9.5 16.59 (5) 
HOAc 4.7 8.7 19 
HCl + NaOAc 3.7 +.0 
“ + HOAe 2.5 1.4 
65 2.1 La > 
Lysine NaOH 8.7 3.5 15 
vs eal 2:2 
NaOAc ee 4.6 
HCl 3.9 2.5 7.9 
NaOAc + HCl 2.8 0.8 1.8 14 
2-Aminoethylsul- NaOH 7.5 5.5** 
furice acid 
Methylamine NaOAe + HCl 3.0 0.0 2.0 (6) 
HCl 2.5 0.4 
Histidine NaOH 6.7 1.5 0.0 
NaOAc + HCl 2.9 Ld 1.2 
HCl 2.8 1.4 es 


* 100 mg. of gramicidin (containing 0.2 mM of tryptophan), 0.5 mm of the various 
additions, and 0.25 ml. of 38 per cent formaldehyde were brought into solution, if 
possible, in 1 to 2 ml. of 50 to 80 per cent alcohol, containing approximately 0.3 m 
acetate, or, at most, amounts of N NaOH or HCl equivalent to the added compound. 
The reaction mixtures were held at room temperature for4to6days. Heterogeneous 
mixtures (7.e. those containing lysine and alanine) were shaken at intervals. Some 
set to gels during the reaction period. For method of isolation see ‘‘Experimental.”’ 

+ Analysis without hydrolysis, in 50 per cent acetic acid solution (0.05 per cent). 
Values in parentheses are based on readings of an atypical purple color. All values 
are approximations only (+15 per cent), since unhydrolyzed gramicidin and many of 
its derivatives give colorimetric curves which differ somewhat from those of standard 
tryptophan, and from one another (9). 

t When methylol gramicidin(9) was used instead of gramicidin under identical con- 
ditions, with or without added formaldehyde, no acid groups were introduced. 

§ When the product was exposed to dilute aqueous acetic acid, only 1.0 acid group 
was found. This material contained no unchanged tryptophan when analyzed in 
50 per cent acetic acid solution (less than 10 per cent, purple). When the original 
product was treated with 5 n NaOH (18 hours at 100°), it contained no acid groups 
and about 31 per cent tryptophan. 
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TaBLeE VI—Concluded 


|| This product after exposure to dilute acetic acid contained 1.3 acid groups and 
no unchanged tryptophan (less than 10 per cent, purple). 

{ Treatment with 5 n NaOH for 6 hours or 48 hours at 70°, or for 24 hours at 100°, 
yielded products retaining only 14.5, 12.5, or 4.2 basic groups, respectively, and 16, 
13, and 31 per cent tryptophan. Dilute acetic acid gave a product containing 10,] 
basic groups and less than 10 per cent tryptophan (purple). 

** Sulfate sulfur introduced, 6.1 equivalents. 


alone in alkaline solution was found to add most probably to the imino group 
(9). The bulk of the evidence favors the latter group as also condensing 
with amines and formaldehyde in the present experiments. This is indj- 
cated by the following facts: (a2) The various products retained 30 to 80 
per cent of the original chromogenic activity with dimethylaminobenzalde- 
hyde, a reaction which requires an unsubstituted 2 position in the indole 
nucleus.’ ,(b) The condensation of indoles through methylene groups with 
amino compounds could be reversed by treatment with strong alkali, as 
previously observed with the N-methylol addition products.’ No such 
lability should be expected for carbon-bound methylene groups. Thus it 
appears that the reaction of indoles with aminomethylols introduces meth- 
ylene groups between neutral and basic nitrogen atoms. This reaction 
thus resembles that previously observed with amides (13), rather than the 
Mannich type of stable fixation of methylene groups between carbon and 
basic nitrogen atoms.® 

Evidence of Mannich Reaction Occurring in Proteins Alone—Indirect 
evidence for the participation of phenolic and imidazole rings in the protein- 
formaldehyde reaction came from a study of the amount of formaldehyde 
bound irreversibly under various conditions. It has been well established 
in recent years that proteins and amino acids under progressively more 
rigorous reaction conditions fix progressively more formaldehyde in such 
a manner that it cannot be recovered by acid hydrolysis and steam distil- 
lation (31, 32). One reaction mechanism accounting for such behavior has 


7 N-Methylolindoles were found to give negative tests (9), but this was attributed 
to a possible migration of the methylol group during the test. If that interpretation 
is correct, then it appears that bulkier substituents do not migrate so readily from 
the indole nitrogen to the a-carbon atom. 

8 The proline-formaldehyde-gramicidin condensation product appeared to be un- 
stable even in dilute acetic acid solution (Table VI, foot-notes § and ||), but it ap- 
peared from the absence of chromogenic tryptophan that, under these circumstances, 
only proline was split off and methylol gramicin formed. 

9 A few of the gramicidin derivatives obtained in this investigation were kindly 
assayed for bacteriostatic activity (against Staphylococcus aureus) by J. C. Lewis 
of this Laboratory. Their activities ranged from 13 to 88 per cent of that of the 
original gramicidin, but they were also similarly toxic to mice. 
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recently been elucidated as the addition of formaldehyde to protein indole 
(9) and phenol‘ groups in alkaline solution. These reactions, however, do 
not occur at neutrality. Acylhistidines by themselves do not bind for- 
maldehyde at any pH studied (24, 23). Thus presumably the imidazole 
groups of proteins are by themselves unreactive. 

When the amounts of formaldehyde fixed irreversibly by a number of 


Taslie VII 


Comparison of Amounts of Formaldehyde Bound Irreversibly by Various Proteins at 
40° and pH 7 with Their Contents of Relevant Amino Acids* 








Equivalents per 104 gm. 





Senna. | Contents of 

hyde bound | —— ee eeeeabie De i ae 
| Histidine { Tyrosine | NH2-N 
Insulin. ...... oa epee e) 5.3 3.4 6.8 5.0 
ch re 4.1 5.2 1.9 7.5 
Protaminef. . . Eee 4.0 0.0 0.0 0.0 
Serum albumin (bovine) 7 3.3 2.5 3:1 8.9 
Silk sericin. ....... aA 2.7 1.2 3.0 2.2 
Feathers (chicken, ground) . 2.3 0.3 1.9 1.5 
Hoof (bovine, powdered) 2.2 1.2 2.9 | 4.5 
Wool (ground).... 1.6 0.4 2.7 1.8 
Silk fibroin (ground) 1.3 0.2 6.6 0.7 
ee eee Mee 1.0 0.4 0.7 4.0 
NeROsty! GIODIN. ©... ccc cscs ves eel 1.0 5.2 1.9 2.0 
" serum albumin Oe ee 0.7 2.5 3.1 0.5 
Barium sulfate ay oa pel 0.2 0.0 0.0 0.0 


(LS eee ee ees can Fae 0.0 0.0 0.0 0.1 


* 100 mg. of protein were treated with 1.0 ml. of a reaction mixture containing 2 ml. 
of 7.5 per cent formaldehyde, 3 ml. of m phosphate, pH 7.0, and 23 ml. of water in 
sealed test-tubes for 1 month at 40°. The total sample was then subjected to 
analysis by distillation from sulfuric acid solution (1, 20). The proteins selected 
were all low in tryptophan content (<0.7 equivalent per 10‘ gm.), so that the rdle 
of the indole groups (9) in this reaction could be disregarded. 

+ See foot-note 10 in the text. 


proteins of greatly varying composition were compared after reaction at 
pH 7 (1 month at 40°), those proteins which were richest in histidine and 
tyrosine, and also contained many amino groups, bound the most for- 
maldehyde, though not appreciably more than wasequivalent to theircontent 
of such groups (Table VII). The low amounts of formaldehyde fixed by 


‘© The large amount of formaldehyde irreversibly bound by salmine under these 


conditions represents an exception. The mechanism of this reaction is not under- 
stood. 
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silk fibroin and by aminoacetyl serum albumin or globin, all of which cop. 
tain appreciable amounts of tyrosine or histidine but little amino nitrogep, 
illustrate that formaldehyde is fixed by the cyclic residues through the 
Mannich reaction, rather than by simple addition to the ring. 


The authors acknowledge the untiring technical assistance of KE. [). 
Ducay. 


SUMMARY 


In neutral or slightly acid solution, formaldehyde introduces methylene 
bridges between amines on the one hand and the reactive CH groups o/ 


phenolic and imidazole rings on the other. The phenols react to com- 
pletion within a few days at room temperature. The linkage is resistant 
to acid hydrolysis. 

Experiments with gramicidin suggest that condensations joining indoles, 
amines, and formaldehyde under similar conditions may occur with the 
“% 

NH group of the indole ring. 

a 

These reactions take place with similar ease also in proteins containing 
the necessary groups. They supply a means of introducing a great variety 
of reactive cyclic compounds stably into proteins, and of amino compounds 
into gramicidin. 
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A POLARISCOPIC STUDY OF GLUTAMIC ACID AND PYRROLI- 
DONECARBOXYLIC ACID* 


By ANDRE C. KIBRICK 
(From the Department of Chemistry, The Bronx Hospital, New York) 


(Received for publication, December 31, 1947) 


Wilson and Cannan studied the interconversion of glutamic acid and 
pyrrolidonecarboxylic acid in detail by means of changes in amino nitrogen 
(1), and the system so characterized was utilized by Olcott for the develop- 
ment of a method for the determination of glutamic acid (2). In neither 
case, however, were temperatures above 125° studied. We have found 
that glutamic acid can be converted much more rapidly at 142°. Since 
such temperatures are known to produce profound changes in many sub- 
stances, an investigation of the optical rotation of this system was 
undertaken. 


EXPERIMENTAL 


Weighed amounts of L-glutamic acid, recrystallized at pH 3.2, were 
placed in pressure flasks and water was added to the desired concentrations. 
The flasks were immersed in an oil bath with thermostatic control and 
were removed momentarily and shaken after 5 minutes. Heating was 
then continued for specified times. After being removed from the bath 
and cooled, the pH of the solutions was determined with a glass electrode, 
and they were then transferred to volumetric flasks and diluted to volume. 
Samples of the diluted solutions were taken for duplicate determinations 
of amino nitrogen in a Van Slyke volumetric apparatus. 

Observations were made at four temperatures between 127—142° in solu- 
tions containing 2 to 20 per cent glutamic acid. Since concentration did 
not affect the rate significantly, the results of all of the experiments at 
each temperature were combined. The average values appear in Table I, 
where the data of Olcott (2) for 0.2 per cent glutamic acid at 125° are 
included for comparison. Maximum dehydration of glutamic acid is 
achieved in 2 hours at 139° and 142°. In fact, at the latter temperature 
it has been found that the conversion to pyrrolidonecarboxylic acid is 
completed in 75 to 90 minutes. Although with isoelectric glutamic acid 


* This work was started at the University of Toledo laboratory of the research 
department of the International Minerals and Chemical Corporation. We are in- 
debted to Dr. P. D. V. Manning, vice president and research director, International 
Minerals and Chemical Corporation, Chicago, for permission to use some of the re- 
sults presented here. 
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846 GLUTAMIC AND PYRROLIDONECARBOXYLIC ACIDS 


at pH 3.2 only 92 per cent is converted at equilibrium, 96 per cent of the 
glutamic acid can be converted in solution at an initial pH of 4 without 
affecting the rate significantly. 

In order to calculate the rotation of solutions containing both glutamic 
acid and pyrrolidonecarboxylic acid, the specific rotation of both of these 
substances was determined. In Fig. 1, Curve A shows the value of [a] 
in solutions of L-pyrrolidonecarboxylic acid between pH 2 and 11, and 
Curve B the values in solutions containing 2 to 12 per cent hydrochloric 
acid. The specific rotation of L-glutamic acid had a value of +31.4° in 
solutions containing 5 to 12 per cent hydrochloric acid, and the value was 
at a minimum close to —5.0° at. pH 7. 


TABLE | 
Conversion of Isoelectric Glutamic Acid to Pyrrolidonecarboxylic Acid at Different 


Temperatures 


Conversion 


Time 
125°* 127 135 139° 142 
hrs. per cent per cent per cent per cent per cent 
1 55 65.9 46:2 76.0 85.5 
2 80 81.6 90.0 91.4 92.5 
3 SS 89.0 91.7 91.8 92.5 
4 92 92.2 91.8 91.9 92.7 
5 91.9 
6 92.8 91.9 92.7 
8 92.9 91.9 93.0 
* From Olcott (2). 


The rate of racemization of glutamic acid on being boiled in solutions 
in which partial dehydration to pyrrolidonecarboxylic acid may occur 
was studied in the following way. Solutions containing 10 per cent glu- 
tamic acid were boiled under a reflux at an initial pH of 1, 2, 7, and 12, 
and samples were removed periodically for the determination of the pH 
and amino nitrogen. The balance of the samples was then adjusted with 
hydrochloric acid and the rotation was determined in 4 dm. tubes in either 
5 or 10 per cent acid. Some of the results are presented in Table II. It is 
seen that the values of rotation found in solutions boiled many hours at 
low pH agree quite well with those calculated on the assumption that 
racemization is not significant. Furthermore, the absence of significant 
racemization in the solutions boiled at pH 7 was confirmed by the value of 
+29.8° for the specific rotation of the glutamic acid after regeneration in 
boiling hydrochloric acid. However, it is evident from the poor agreement 
of the values in solutions boiled at pH 12 that racemization takes place 
rapidly under these conditions. 
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PH or Percent hydrochloric acid 
Fig. 1. The rotation of pyrrolidonecarboxylic acid. Curve A, abscissa repre- 


sents pH; Curve B, abscissa represents per cent hydrochloric acid. 


TABLE II 
Effect on Glutamic Acid of Being Boiled in Acid and Alkaline Solutions 





| Rotation, a* 
Time | pH Glutamic acid _ 2 
Found Calculated 
hrs. | gm. per 100 ml. degrees degrees 
0 ey; 5.00 +18.2 +18.1 
3 0.80 3.65 +12.0 +12.2 
13 0.74 3.57 +11.4 +11.8 
9] 0.69 3.62 +11.5 +12.0 
0 2.17 5.00 +18.1 $18.1 
6 1.43 2.56 +7.4 +7.5 
31 1.27 2.12 +5.4 +5.6 
101 1.20 2.24 +5.5 +6.0 
0 7.10 5.00 +18.1 +18.1 
170 7.42 3.22 +9.6 +10.3 
0 11.5 5.00 +18.1 +18.1 
6 12.4 4.53 '+15.9 +16.2 
29 12.1 4.48 +14.8 +16.0 
60 12.0 4.41 +13.5 +15.7 
110 12.0 4.02 +10.7 +14.1 


* Ventzke seale. 
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The resistance of glutamic acid to racemization at 127° and 142° wag 
~ studied in a similar manner by heating isoelectric glutamic acid in 20 per 
cent solution. After the pH was determined, the solutions were diluted 
with water for the estimation cf amino nitrogen in the Van Slyke apparatus, 
Hydrochloric acid was then added for the determination of rotation in 10 
per cent acid. In addition, the acidified solutions were boiled and the 
amino nitrogen contents and rotation were again determined after re- 
generation. Table III shows good agreement between the experimental 
and calculated values of rotation, but the values of the specific rotation of 
the regenerated glutamic acid are somewhat low. 

Since the equilibrium in the region of pH 7 allows nearly complete con- 
version to pyrrolidonecarboxylic acid (1), the rates of dehydration and of 




















TABLE III 
Effect of Heating Solutions of Isoelectric Glutamic Acid at 127° and 142° 
| Rotation, a* Regenerated 
Time Temperature pH - 2S glutamic acid, 
Found | Calculated lal, 
hrs. ; | degrees ; beavis y a 
1.3 127 2.48 | +42 | +44 | +429.6 
3.3 127 2.07 | —0.5 | —0.4 | +29.1 
5.3 127 2.07 —0.6 —0.5 | -+28.4 
7.3 127 | 2.07 —0.5 —-0.5 | +28.4 
1 142 2.01 —0.5 —0.7 | +29.5 
2 142 2.01 —0.7 —0.9 | +28.1 
3 142 2.01 —0.7 —0.9 | ae 
4 142 2.01 —0.6 5 


—0.9 | +27.! 


* Ventzke scale. 








racemization of glutamic acid were studied in neutral solutions at 142°. 
The solutions were heated for various times up to 72 hours, after which 
the amino nitrogen was determined and the rotation was measured both 
at pH 7 and in 10 per cent hydrochloric acid. At least 30 hours are re- 
quired for the completion of the reaction even at 142°, and the prolonged 
heating at this temperature seems to cause some racemization or destruc- 
tion in the system. At 17 hours, when the conversion was 80 per cent, a 
comparison between the experimental and calculated values of rotation 
indicated that racemization was not significant. However, the agreement 
was not good at 54 hours, and the specific rotation was only +26.0° after 
the glutamic acid was regenerated. 

Observations were also made on the hydrolysis of pyrrolidonecarboxyli¢ 
acid at room temperature. Solutions of 5 per cent pyrrolidonecarboxylic 
acid in 6 and 12 per cent hydrochloric acid were allowed to stand for 56 
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days at 25-30°. The rotation was determined periodically in the acid 
solutions and amino nitrogen was determined after neutralization. The 
degree of conversion was then calculated from both sets of data. There 
was good agreement for 10 days, during which about 60 per cent of the 
pyrrolidonecarboxylic acid was hydrolyzed. However, the results be- 
came increasingly less consistent, and after 46 days only 85 to 90 per cent 
was shown to be hydrolyzed from the values of rotation, although the 
process was complete according to the values for amino nitrogen. 


SUMMARY 


1. Data are presented to show that the dehydration of L-glutamic acid 
to L-pyrrolidonecarboxylic acid is accomplished in 2 hours at 142° with 
little alteration of the optical rotation of the system. 

2. The specific rotation of L-pyrrolidonecarboxylic acid has been de- 
termined from pH 2 to 11 and in solutions containing 2 to 12 per cent 
hydrochloric acid. 

3. The effect of boiling at acid and alkaline reactions on the optical 
rotation of the system glutamic acid-pyrrolidonecarboxylic acid has been 
studied by a comparison of the observed rotation with the values cal- 
culated from the composition of the solutions. At pH 1, 2, and 7 the agree- 
ment is good for many hours and indicates that racemization is not signifi- 
cant, but the results show that racemization takes place rapidly at pH 12. 
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ON THE PROTEOLYTIC ENZYMES OF ANIMAL TISSUES 
Vill. AN INTRACELLULAR ENZYME RELATED TO CHYMOTRYPSIN* 


By HELMUT R. GUTMANN? anp JOSEPH 8. FRUTON 


(From the Department of Physiological Chemistry, Yale University, New Haven) 
(Received for publication, March 16, 1948) 


In previous papers of this series (1, 2), evidence was offered for the 
presence of two types of endopeptidases in extracts of animal tissues such 
as spleen or kidney. One group of enzymes exhibits specificity require- 
ments closely related to those of crystalline pepsin (3), and these enzymes 
have therefore been designated ‘‘pepsinases”’ (cf. also (4)). Since the pro- 
tein-splitting enzymes of animal tissues are also termed cathepsins, the 
pepsinases derived from beef spleen and from swine kidney were called 
beef spleen cathepsin I and swine kidney cathepsin I respectively. The 
other group of tissue endopeptidases is characterized by a specificity similar 
to that of crystalline pancreatic trypsin, which readily hydrolyzes sub- 
strates such as benzoyl-L-argininamide (BAA). Intracellular proteinases 
of this type were assigned the name cathepsin II. As noted previously, 
cathepsins I and IJ differ with respect to their response to activators such 
as cysteine (1). 

It has long been clear (5) that, in addition to the two endopeptidases 
cited above, tissue extracts contain other members of this group of enzymes 
which await characterization with respect to their specificity of action. For 
example, the enzymes responsible for the hydrolysis of substrates such as 
benzoylglycinamide, carbobenzoxy-L-isoglutamine (1), carbobenzoxy-L- 
serinamide (6), etc., by crude extracts of animal tissues have vet to be 
studied carefully. 

In the present communication, data are presented to show that swine 
kidney extracts contain an enzyme closely related in specificity to crystal- 
line pancreatic chymotrypsin. It has been reported previously that 
crystalline chymotrypsin hydrolyzes glycyl-.-phenylalaninamide (GPA) 
and glycyl-L-tyrosinamide (GTA) at the CO-NH linkage involving the 
carbonyl group of the aromatic amino acid (7), and that carbobenzoxy-1- 
tyrosylglycinamide is split to vield carbobenzoxy-.-tyrosine and glycin- 
amide (8). In addition to this endopeptidase activity, crystalline chymo- 
trypsin also exhibits aminopeptidase activity toward substrates such as 


* These studies were aided by grants from the American Cancer Society (on 
recommendation of the Committee on Growth of the National Research Council) 
and from the Rockefeller Foundation. 


+ Alexander Brown Coxe Memorial Fellow, Yale University, 1946-48. 
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i-phenylalaninamide (PA), -tyrosinamide (TA), 1t-phenylalanylglycin- 
amide (PGA), and L-tyrosylglycinamide (TGA) (7). 

For the present studies, two enzyme preparations from swine kidney 
were employed. One of these was obtained by the procedure described 
previously (1, 2) and will be referred to as enzyme Preparation A. The 
other enzyme preparation (Preparation B) was obtained by the addition of 
yeast nucleic acid to a dialyzed solution of Preparation A, followed by 
elution of the resulting precipitate with a solution of benzoyl-L-argininamide 


TaBLe [ 
Action of Swine Kidney Enzyme Preparations on Synthetic Substrates 
C vysteine @. 004 M) was present it in all cases, except w here indicated otherwis ise. 





Proteolytic coefficient X 10** 


Substrate pH — 
Crude. | Prepara- | Prepara- 
extractt | tion A | tion B 
Benzoyl-L-argininamide............ eee 5 1.5 3.2 | 8.9 
Glycyl-1-phenylalaninamide are 5 eo | ee 
2.5} 
Carbobenzoxy-t-glutamyl-L-tyrosine. .. 5 0.53 | Of Ot 
Carbobenzoxy-L-isoglutamine .... : 5 0.5 0 0 
lth ie pesos Pianshies “i 5 0.33 0 0 
Carbobenzoxyglycyl-L phony lalenine 5 O.7 |. 20 0 
L-Leucinamide............ ee 5 2.3 3.3 0 
8 86§ 2.6§ 08 
Diglyeylglycine. .. Peete 5 67.5 5.5 0.4 
8 22} 1.7 Ot 


* The term “‘proteolytic coefficient,”’ as used in this table, has been defined pre 
viously (10) as the first order rate constant (K') per mg. of protein N per cc. of test 
solution. 

+ This represents a crude aqueous extract of fresh swine kidney, prepared as pre- 
viously described (1, 2). 

t No cysteine added. 

§ 0.001 m MnSO, present ; no cysteine added. 


in 0.06 m citrate buffer (pH 4.3). The arginine derivative may be assumed 
to act in the elution procedure in a manner analogous to that of protamine, 
which has been used previously for the decomposition of protein nucleates 
(9). In the case of enzyme Preparation B, the eluted proteins are frac- 
tionated with ammonium sulfate, the fraction precipitated between 45 and 
75 per cent of saturation with ammonium sulfate being collected and 
dialyzed. 

As will be seen from Table I, the partial purification leading to Prepa- 
ration B has largely eliminated the enzyme activity toward carbobenzoxy- 
L-glutamyl-.-tyrosine (cathepsin I), carbobenzoxyglycyl-L-phenylalanine 
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(carboxypeptidase), L-leucinamide (aminopeptidase), and diglyeylglycine 
(tripeptidase (11)), as well as toward carbobenzoxy-L-isoglutamine and 
benzoylglycinamide. On the other hand, the cathepsin II activity toward 
BAA has been increased in the course of the procedure, as has the activity 
toward GPA. 

It may be added that, in the presence of cysteine, the hydrolysis of GPA 
follows the kinetics of a first order reaction and that the proteolytic co- 


TABLE II 
Action of Swine Kidney Enzyme Preparation B on Substrates of Chymotrypsin 
pH 5 (citrate buffer). 


Enzyme Hydrolysis 





Substrate concen- | Cysteine Time eee ee 
tration® | Titration | Ninhydrin 
mg. u | hrs. per cent per cent 
Glyeyl-L-phenylalaninamide . 0.074 0.004 0.6 32 1 
2 79 | 4 
| 24 tj a) ae 
None | 1.9 | 2 4 
6.5 | 49 17 
25.8 103 44 
Glyeyl-L-tyrosinamide Paquetaceed eee 0.004 1.5 74 
26.5 99 29 
t~Phenylalaninamide oes) OrEZe 0.004 2.5 33 
6.3 63 
None 2.5 12 
6.3 22 
L-Tyrosinamide yes 0.124 0.004 2.1 ll 
6.3 36T 
None 2.1 7 
6.3 10 
L-Phenylalanylglycinamide 0.074 0.004 4.7 36 6 
24.2 63 18 
L-Tyrosylglycinamide ...| 0.152 | 0.004 6.2 


~ 
to 
ou 
+ 


* Expressed as protein N per ce. of test solution. 
t Crystals of tyrosine separated after 20 hours. 


efficient (10) for the hydrolysis of this substrate by Preparation B is about 
30 times as great as the value previously found for the hydrolysis of GPA 
by crystalline chymotrypsin. 

Further studies on the proteolytic activity of enzyme Preparation B 
showed that, in the presence of cysteine, there was appreciable hydrolysis, 
not only of GPA, but also of other substances previously recognized to be 
substrates for crystalline chymotrypsin. In Table II there are presented 
data on the cleavage of GTA, PA, TA, PGA, and TGA. In order to de- 
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termine the site of hydrolysis of the dipeptide amides, the rate of hydrolysis 
was followed by titration of the liberated carboxyl groups (12) as well as 
by the determination of free amino acids (13). As will be noted from Table 
II, the hydrolysis of GPA and of GTA, in the presence of cysteine, largely 
involves the scission of the bond involving the carbonyl group of the aro- 
matic amino acid. On prolonged incubation, however, there is observed 
some cleavage to yield free amino acids. A clue to the nature of the enzyme 
responsible for the latter effect is provided by experiments in which GPA 
was subjected to the action of Preparation B in the absence of added cyste- 
ine. Under these circumstances, the rate of formation of free amino acids 
is notably more rapid. This suggests that, in addition to a cysteine-ac- 
tivatable endopeptidase similar in specificity to chymotrypsin, Prepa- 
ration B also contains an aminopeptidase whose action is inhibited by 
cysteine. Recent studies have shown that several aminopeptidases are 
activated by metal ions and are inhibited by substances, such as cysteine, 
which form complexes with metals (14). Further work is required before 
the relationship of the aminopeptidase acting on GPA to known amino- 
peptidases can be adequately assessed. It may be added that the dipep- 
tide glycyl-L-phenylalanine is hydrolyzed by Preparation A, and that this 
action is strongly inhibited by cysteine. 

In addition to its endopeptidase action on GPA, Preparation B hydroly- 
zes carbobenzoxy-L-tyrosylglycinamide and carbobenzoxyglycyl-L-t yrosyl- 
glycinamide. Carbobenzoxy-L-tyrosine was isolated from the enzymatic 
hydrolysate of the former compound by the procedure described in (8). 

As pointed out previously, chymotrypsin exhibits aminopeptidase ac- 
tivity toward PA and TA. A similar action is shown by enzyme Prepa- 
ration B, and it is of interest that cysteine is an activator for these hy- 
drolyses (Table Il). This behavior differentiates the aminopeptidase 
action on GPA, which is inhibited by cysteine, from the splitting involving 
aminopeptidase action at the carbonyl group of an aromatic amino acid. 

In Table II, there are also presented data on the hydrolysis of PGA and 
TGA by enzyme Preparation B. It will be seen that, in the case of PGA, 
extensive hydrolysis occurs at the CO-NH bond involving the carbony! 
group of the glycine residue. A similar result was noted for crystalline 
chymotrypsin (7), which showed slight endopeptidase action on PGA. In 
the case of the swine kidney preparation, however, the endopeptidase 
activity appears to be considerably greater than the aminopeptidase action. 

Attempts to separate the endopeptidase and aminopeptidase activities 
of crystalline chymotrypsin were not successful (7), and the possibility was 
raised that this enzyme is a protein that exhibits two separate enzymatic 
specificities. On the other hand, in the case of Preparation B, partial in- 
activation of the aminopeptidase activity toward PA could be effected with- 
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out any concomitant decrease in the endopeptidase activity toward GPA 
(Table III). Furthermore, comparison of the relative rates of hydrolysis 
of GPA and PA by enzyme Preparations A and B supports the conclusion 
that these two substrates are split by different enzymes of swine kidney. 
It may be added that, as in the case of GPA, the hydrolysis of PA by these 
enzyme preparations follows the kinetics of a first order reaction. 

The data in Table III clearly differentiate cathepsin II from the swine 
kidney enzymes that act on GPA and PA. It will be noted that, after 
exposure of Preparation B to 52° for 30 minutes, its activity toward BAA 
decreased by 58 per cent, while the activity toward GPA remained un- 
changed. As a result of this treatment, the action on PA was decreased 
by 26 per cent. Experiments are in progress to determine whether the 


Tasce III 
Partial Inactivation of Swine Kidney Enzyme Preparation B 

A dialyzed solution of enzyme Preparation B was warmed to 62° for 20 minutes and 
then chilled in ice water. The resulting enzyme solution is referred to as Preparation 
B;. Another aliquot of Preparation B was warmed to 52° for 30 minutes and then 
chilled. This enzyme solution is termed Preparation B,. The hydrolytic experi- 
ments were conducted at pH 5 (citrate buffer) and in the presence of cysteine 
(0.004 m). 


Proteolytic coefficient 
Substrate 


Preparation B | Preparation B; | Preparation Bz 


Glyeyl-L-phenylalaninamide song egearee 0.071 0.072 0.068 
t-Phenylalaninamide eae? 0.0068 0.0046 0.0050 


Benzoy|-L-argininamide Vay San saee 0.0078 0.0033 


relative heat stability of the chymotrypsin-like endopeptidase of swine 
kidney extracts can be used in the further purification of this enzyme. 
Action of Enzyme Preparation B on Proteins—Advantage has been taken 
of the availability of the partially purified cathepsin Preparation B to test 
its action on proteins. It was of interest to find that no appreciable cleav- 
age of the peptide bonds of gelatin or of B-lactoglobulin occurred in the 
absence of added cysteine. As will be noted from Table IV, these proteins 
were readily split in the presence of cysteine. When Preparation B was 
warmed to 52° for 30 minutes, the rate of protein hydrolysis, as measured 
by the liberation of amino nitrogen, is markedly decreased. The data in 
Table IV show that the extent of inactivation of the enzymes acting on 
gelatin and 6-lactoglobulin is similar to the extent of inactivation of cathep- 
sin II. Since the chymotrypsin-like endopeptidase of swine kidney is active 
in the absence of added cysteine and is stable at 52°, it may be surmised 
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that this enzyme plays a secondary réle in the hydrolysis of the two pro- 
teins under study. The data in Table IV support the view, therefore, that 


TABLE IV 
Action of Swine Kidney Enzyme Preparation B on Proteins 


Concentration of protein substrates, 0.49 mg. of protein N per ce. of test solution; 
pH 5 (citrate buffer); cysteine (0.004 m). 


Increase in NH2-N in 3 hrs.* Kaa X 108 
eng } lee ~ ee Ox ' ‘ ti i 
Eeageny tool Control Inactivatedt ie | ; touet 
solution - ‘ 7 4 amen se " Control =. | 
x : -Lacto- | 8-Lacto- | vatec 
Gelatin globulin Gelatin globulin 
mg. mg. me. mg. mg. | percent | per cms, 
0.128 | 0.089 | 0.056 | 1.00 | 0.60 40 
0.198 0.043 | 0.022 | 49 1.85 | 0.80 56 








* The hydrolysis of the proteins was followed by means of the Van Slyke nitrous 
acid method. The results are expressed in terms of mg. of amino nitrogen per ce. of 
test solution. 

+ The enzyme solution used as the control was heated to 52° for 30 minutes, as 
described in Table IIT. 


TABLE V 
Effect of Crystalline Trypsin Inhibitor on Hydrolysis of Benzoyl-u-argininamide 
by Trypsin and Cathepsin II 


: Inhibitor* con- ten: 
Enzyme centration per cc. Kaa X 10 Inhibition 
test solution 2 


mg. per cent 
Crystalline trypsin (0.026 mg. pro- 0 2.6 
tein N per cc. test solution)t 0.0226 1.8 31 
0.0456 1.3 50 
Swine kidney Preparation A (1.46 0 2.5 
mg. protein N per cc. test so- 0.0226 2.6 0) 
lution) f 0.0456 2.6 0 





* The authors are indebted to Dr. M. Kunitz for a 3 times crystallized sample of 
this material. 

+ Tested at pH 7.5 (phosphate buffer). 

{ Tested at pH 5 (citrate buffer) and in the presence of cysteine (0.004 m). 


cathepsin II is able to hydrolyze the peptide bonds of proteins such as gela- 
tin and B-lactoglobulin. 

Effect of Crystalline Soy Bean Inhibitor on Trypsin and on Cathepsin II— 
Kunitz (15) has isolated from soy beans a crystalline protein which inhibits 
the action of pancreatic trypsin on proteins. ‘The data in Table V show 
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that this inhibitor also decreases the rate of action of trypsinon BAA, At 
comparable levels of inhibitor concentration, however, no diminution of 
cathepsin II activity on BAA can be observed. This difference in the be- 
havior of the two homospecific enzymes (trypsin and cathepsin II) may be 
added, therefore, to the previously recognized differences in their pH optima 
and response to activators such as cysteine (2). 


EXPERIMENTAL 


Swine Kidney Enzyme Preparation B—5 gm. of Preparation A (1, 2) were 
dissolved in 25 ce. of distilled water and dialyzed against distilled water 
for 12 hours. The precipitate which appeared was removed by centrif- 
ugation and the supernatant was diluted to 50 cc. To 45 ce. of this so- 
lution there was added an aqueous solution of yeast nucleic acid (550 mg. 
in 22 cc.; pH 6.5). 0.5 m acetie acid was then added with mechanical 
stirring until the pH was 4.2 to 4.3. After the mixture had been allowed 
to stand at 5° for 12 hours, the precipitate which had separated was filtered 
with the aid of 200 mg. of Filter-Cel, and stirred with 30 cc. of ice-cold water. 
The suspension was centrifuged at once and to the precipitate there were 
added an aqueous solution of BAA (20.8 mg. in 0.5 cc.) and 10 ec. of 0.06 
m citrate buffer (pH 4.3). The mixture was stirred at 42° for 10 minutes, 
centrifuged, and the sediment reextracted with fresh solutions of BAA and 
of citrate buffer. The eluates from both extractions were combined (vol- 
ume, 21 cc.) and there were added, with stirring, 5.8 gm. of ammonium 
sulfate. The resulting precipitate was centrifuged off, and to 20 cc. of the 
supernatant there were added, with stirring, 25 cc. of saturated ammonium 
sulfate. The precipitate was collected by centrifugation and dissolved in 
10 ee. of ice-cold water. The enzyme solution was then dialyzed against 1 
per cent sodium chloride for 18 hours. 

Enzymatic Studies—The methods employed in following the rate of hy- 
drolysis of the synthetic substrates were the same as those described in (7), 
except that the temperature was 38° in all cases. The synthesis of the 
peptides and peptide derivatives used in the present studies has been de- 
scribed in previous papers of this series. 


SUMMARY 


There has been obtained, from aqueous swine kidney extracts, a partially 
purified enzyme preparation which hydrolyzes synthetic peptide deriva- 
tives previously found to be substrates for crystalline chymotrypsin. Evi- 
dence has been offered for the presence, in such purified preparations, of an 
endopeptidase and an aminopeptidase which, in the presence of cysteine, 
hydrolyze peptide bonds involving the carbonyl group of tyrosine or phenyl- 
alanine. This chymotrypsin-like action may be differentiated from the 
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trypsin-like activity of cathepsin II, also present in purified swine kidney 
preparations, by a marked difference in their stability to heat. 


The partially purified swine kidney preparation hydrolyzes peptide bonds 


of proteins (gelatin, 8-lactoglobulin) and the available evidence suggests 
that cathepsin II may be involved in this action. 


The crystalline trypsin inhibitor from soy beans has no effect on the 


action of cathepsin II on benzoyl-L-argininamide, although it inhibits the 
hydrolysis of this substrate by crystalline trypsin. 
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Arginase appears to be one of the first enzymes which was studied in cell 
nuclei isolated on a relatively large scale by physicochemical methods. 
This enzyme was measured in isolated nuclei of liver cells by Behrens (1) 
who reported that the arginase activity per dry weight of isolated nuclei was 
about equal to the arginase activity of cytoplasm per dry weight in the case 
of mammalian liver. It was reported later from this laboratory (2) that 
the activity of arginase per dry weight of nuclei isolated by a different 
method from rat liver was 40 to 50 per cent of its activity per dry weight of 
whole rat liver. Recently the method of isolating nuclei of rat liver which 
was previously used in this laboratory has been improved, chiefly by better 
control of the pH and by employing a low temperature throughout the 
isolation procedure! (3). It was discovered that the arginase activity of a 
sample of nuclei isolated from normal rat liver by the improved method was 
considerably higher than previously reported, and therefore it appeared 
desirable to reinvestigate the question of the activity of this enzyme in 
isolated liver cell nuclei. Moreover, it has recently been possible to extend 
the improved method of isolating liver cell nuclei to kidney and pancreas, 
and therefore it has been possible to extend the work on arginase to nuclei 
isolated from these two tissues. The chief results of the new investigation 
are (a) that the activity of arginase per dry weight of nuclei isolated from 
rat liver cells is slightly higher than the corresponding activity per dry 
weight of whole rat liver; (b) that the arginase activity of nuclei isolated 
from dog, lamb, rat, or chicken kidney is negligible, although arginase ae- 
tivity can be measured in the whole kidney of all of these species; and (ce) 
that the arginase activity of whole chicken liver and whole sheep pancreas, 
as Well as of nuclei isolated from these tissues, is extremely low or zero. Ex- 
periments also have heen carried out to determine whether the arginase of 
isolated liver cell nuclei is an integral part of the nucleus, or whether it is 


‘The method described in this paper for isolating cell nuclei from dog or lamb 
kidney is essentially the same as the improved method for isolating cell nuclei from 
rat liver (3). A few layers of fine cheese-cloth can be substituted for the flannel used 
in straining the kidney preparation, and the material need be passed through this 
cheese-cloth only once. Also, one sedimentation is sufficient for removing whole 
cells and fiber from the liver cell nuclei. 
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merely acquired by adsorption or chemical combination from the cyto. 
plasmic arginase during the process of isolating the nuclei. It has been cop. 
cluded from this part of the work that in all probability the arginase ig ap 
integral part of the nucleus. 


EXPERIMENTAL 


Preparation of Isolated Nuclet of Rat Liver Cells—The method described 
elsewhere! (3) was employed. 

Preparation of Isolated Nuclei of Kidney (Dog, Lamb, Rat, and Chicken)— 
Most of the medulla of the kidneys is removed and as much fibrous tissue ag 
possible is removed and discarded. The kidneys are then cleaned of 
débris and are frozen in the freezing compartment of an electric refrigerator, 
50 gm. of frozen cleaned kidney are cut into small pieces and blended in the 
Waring blendor* for 10 seconds with 100 ml. of ice-cold distilled water. 42 
ml. of 0.1 m citric acid are added during the next 10 seconds of blending, 
The suspension is filtered immediately through one layer of fine cheese- 
cloth; the residue on the cloth is washed with 25 ml. of ice-cold distilled 
water. The filtrate is then refiltered through one layer of fine flannel, 
During the filtration the suspension must be kept cold either by using an ice 
bath or by working ina cold room. The filtering mixture may be agitated 
with a stirring rod but the residue should not be squeezed out at any time. 
The total time of filtration should not exceed 15 minutes. The filtered 
material is blended for 5 minutes. During this time 125 gm. of ice are 
added. The final temperature should not exceed 5° and the pH should be 
between 5.8 and 6.0. Then the suspension is filtered through two layers of 
fine cheese-cloth and placed in two 250 ml. centrifuge tubes and centrifuged 
at approximately 2000 r.p.m. for 20 minutes. The supernatant is decanted 
up to the loosely packed sediment and discarded. Now the sediments of 
the two cups are combined and thoroughly stirred with enough ice-cold 
distilled water to make a total volume of approximately 200 ml. The sus- 
pension is then centrifuged in one cup for 15 minutes at approximately 1700 
R.P.M. The supernatant is decanted from the packed material and dis- 
carded. The washings with 200 ml. of ice-cold distilled water are repeated 
twice and the suspensions are centrifuged at approximately 1400 and 1000 
R.P.M. for 10 and 7 minutes respectively. After the last washing, the sedi- 
ment consists of only nuclei, fiber, and some very fine particles. The sus- 
pension is made up to 100 ml. with ice water and sedimented in a sediment- 


2 The speed of the Waring blendor is fairly critical. The old style blendor which 
draws 2 amperes of current operates at the correct speed, but the new style blendor 
which draws 3 amperes must be operated with a rheostat in series which reduces the 
operating voltage to about 95 volts, in order to avoid disintegrating the nuclei them- 
selves. 
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ing apparatus (Fig. 1) for 2 hours in the cold room. At the end of this time 
the top 95 ml. are separated from the 5 ml. at the bottom and centrifuged 
for 5 minutes at approximately 1000 r.p.M. The nuclei are suspended in a 
small amount of ice-cold water and examined under the microscope. 









































Fic. 1. Sedimentation apparatus. 17, 100 ml. graduated cylinder with bottom re- 
moved, cemented to a ground glass plate; 2, lower ground glass plate with circular 
hole of the same diameter as the hole in the upper plate, cemented to a graduated 50 
ml. syringe; 3, upper ground glass plate with a circular hole of the diameter of the 
graduated cylinder, displaceable laterally in order to imprison the sedimented ma- 
terial; 4, 50 ml. graduated syringe with bottom removed, cemented to the lower 
ground glass plate and to be mounted in some suitable supporting frame; 5, plunger 
of the syringe for adjusting the volume of heavy sediment to be removed. 


Should the preparation still be contaminated with fiber, the sedimentation 
procedure must be repeated, this time with only 50 ml. of suspension, allow- 
ing the material to undergo sedimentation for only | hour (in the cold room). 
If any fine particles remain after sedimentation, they are removed by cen- 
trifuging with 200 ml. of ice-cold water at 700 to 1000 R.p.M. This pro- 
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cedure unfortunately may also cause some loss of smaller nuclei. The fina] 
sediment, consisting of isolated nuclei, should be suspended in a small] 
amount of ice-cold redistilled water and placed in the refrigerator. 

A photograph of dog kidney cell nuclei prepared as described above js 
shown in Fig. 2. 

Preparation of Isolated Nuclei from Chicken Liver—These were prepared 
with the use of the Waring blendor in the same manner as for the prepa- 
ration of other liver nuclei. The nuclei were very free from cytoplasm and 
quite small in size. 
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Fig. 2. Photograph of dog kidney cell nuclei 


Preparation of Isolated Cell Nuclei from Sheep Pancreas— Essentially the 
same method was used as is described above for the preparation of nuclei 
from dog and sheep kidney. 

Method of Determining Arginase—The procedure previously employed in 
this laboratory (2) was used, with slight modification of washing the dixan- 
thyl urea only once with 50 per cent acetic acid and once with water, instead 
of twice with 50 per cent acetic acid and twice with water. Also, in most 
cases a substrate concentration of 3 per cent arginine carbonate was used 
instead of 1 per cent arginine carbonate. The relationship between the 
mg. of dixanthyl urea produced by a given amount of liver homogenate or 
of nuclei with 3 per cent substrate and that produced by using 1 per cent 
substrate is essentially linear, as is shown in Fig. 3. All weights of dixan- 
thyl urea obtained with 3 per cent. substrate were converted by the curve in 
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Fig. 3 to weights of dixanthyl urea that would have been obtained with 1 
per cent substrate, and the values of K per gm. for arginase which appear in 
Tables I, II, and IV were calculated on the basis of 1 per cent substrate, in 
order to obtain results which are comparable to those previously published 
(2). Although the use of 3 per cent arginine carbonate gives somewhat 
greater amounts of dixanthyl urea than does | per cent arginine carbonate, 
we do not think the waste of substrate is justified and recommend the use of 
1 per cent substrate for this reason. In order to change the kinetics of the 
reaction from first order to zero order, which is always a desirable procedure 
in enzyme work, it would be necessary to employ substrate concentrations 
of 5 per cent or higher. 
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Fic. 3. Relationship between K values of arginase obtained with 3 per cent 
arginine carbonate and those obtained with 1 per cent arginine carbonate. O, values 
obtained without MnSO,; A, values obtained with MnSO,. 


1 

In determining the arginase activity of isolated rat liver nuclei, 0.1 ml. o 
a suspension containing about 8 to 10 mg. of nuclei (dry weight) per ml. was 
added to the arginine carbonate. In determining the activity of whole rat 
liver, 0.2 to 0.3 gm. of liver was homogenized in a ground glass homogenizer 
of the design shown in Fig. 4, with 5 ml. of water. 0.1 ml. of the suspension 
which contained 12 to 15 mg. (dry weight) per ml. was added to the arginine 
carbonate solution. The arginine carbonate was prepared by adjusting 
arginine monohydrochloride to pH 9.0 with sodium carbonate. 

In working with tissues other than liver, more concentrated suspensions 
Were used and in some cases (nuclei of kidney cells, pancreas cells, and 
chicken liver) the reaction was allowed to proceed for 1 to 3 hours. In cases 
in which MnSQ, was used as an activator, this was added as 0.1 ml. of a 1 
per cent solution. 


It should be pointed out that in all cases in which nuclei were isolated 
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from rat liver five to six livers were pooled to give 50 gm. of material from 
which the nuclei were obtained. Thus each value for the K per gm, of 
isolated nuclei of rat liver cells in a way represents an average value for fiye 
or six livers. In working with rat kidney, a much larger number than gix 
kidneys was used. With dog kidney, however, the kidneys of only one 
animal were used. In the case of lamb and chicken, two pairs of kidneys 
were used. , 
Approximately equal numbers of male and female rats were used in deter. 
mining the values of K per gm. of the whole liver homogenate and in making 

















/25¢m 





Fic. 4. Ground glass homogenizer. 1, Pyrex glass homogenizer tube; 2, bottom 
of homogenizer tube, ground to fit the pestle; 3, short glass rod held in the chuck of 
the stirring motor; 4, rubber or Tygon connecting tubing; 5, Pyrex glass rod; 6, 
rubber or Tygon connecting tubing; 7, pestle ground to fit the bottom of the homog 
enizer tube, with grooves on side and bottom. 


a given sample of nuclei, but in general no attention was paid to the sex of 
the animal in a given determination. 

Analysis of [solated Nuclei from Liver Cells for Metals—A sample of rat 
liver cell nuclei of 86 mg. of dry weight was ashed in the muffle furnace and 
the ash, which weighed 1 mg., was digested with a small amount of con- 
centrated H»SO,. Most of the H,SO, was then gradually replaced by 
HCl with evaporations nearly to dryness, and finally the residue was 
taken up in 2 ml. of distilled water. A small amount of material which re- 


mained undissolved and which probably contained a high percentage ol 


silica was discarded, and the supernatant solution was analyzed spectro- 
graphically for the metals by Dr. L. T. Stedman of the Atomic Energy 
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om Project (see Table III). The values in Table III are calculated on the 
of basis of gm. of the element per 100 gm. of nuclei (dry weight). 
ive Results of Determination of Arginase Activities of Various Whole Tissues 
SIX and Isolated Cell Nuclei—Table I includes a number of determinations of 
me arginase in whole tissue homogenates from rat and hen liver and dog, lamb, 
bys rat, and hen kidney. The results of determinations of the arginase activi- 
| ties of cell nuclei isolated from these tissues also are indicated. The distri- 
er- | bution of the values for arginase activity in normal rat liver homogenate, 
ing determined on fifteen different liver samples without the addition of 


manganese, is shown in Fig. 5. 


TABLE I 
Activity of Arginase Expressed As K* Per Gm. of Dry Weight for Various Whole Tissue 
Homogenates and Isolated Cell Nuclei 


. : F Hen Sheep 
Type of material : . - . |Regenerating | Hen ; , Dog Lamb | ;: 
1Pe died Normal rat liver? rat livert  |liver Rat kidney kidney |kidney — — 
Whole tissue 4.9 (15) 3.7 (1) 0 | 0.09 Trace 0.0290.41| 0 
0.13 
7.6f (6) 5.4f (1) 0.11 Average 
Isolated cell 8.7 10.1 0 |: 0 0 0 0 0 
nuclei 9.2 
8.9 
7.4 


8.6 Average 


on *K = 1/t logio A/(A — x), where ¢ = reaction time in minutes, A = mg. of dixan- 
< of thyl urea that would be formed from complete hydrolysis of substrate, and z = mg. 
of dixanthyl urea found in experiment. 
10g t The figures in parentheses denote the number of experiments. 
t MnSO, added as an activator; all other results are without the addition of 
MnSQ,. 


The data in Table IT show that the arginase of whole liver is not fully 


rat activated with manganese, since the addition of manganous sulfate increases 
ind the activity very markedly. In most of these experiments 0.1 ml. of 1.0 
on- per cent MnSO, was added to the 1 ml. of arginine carbonate used for sub- 
by strate, prior to addition of the whole tissue or nuclei. 
vas | The addition of manganous sulfate to isolated liver cell nuclei on the other 
re- hand does not increase their arginase activity at all. This is true even when 
of | the nuclei are allowed to remain in dilute MnSO, solution before adding 
ro. | them to the substrate. It seems likely that the arginase of the cell nuclei 


rg) is quite well liberated from the nuclear residue at pH 9.0 in arginine car- 
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bonate; therefore it appears probable that there is sufficient metal in the 
isolated nuclei to activate the enzyme completely, although this is not true 
for whole liver homogenate. 

If the assumption is made that isolated cell nuclei are about 70 per cent 
water, it can be calculated from data given in Table II that the manganese 
concentration in isolated liver cell nuclei is approximately 6 X 10-5 y, 





6 








NUMBER OF VALUES 
WITHIN CLASS INTERVALS 





CLASS INTERVALS OF K PER GRAM 
Fic. 5. Distribution of values for arginase activity of normal rat liver homog 
enates not activated with MnSQ,, expressed as values of K per gm. of homogenate 
(dry weight). 


TABLE II 


Effect of Manganous Sulfate in Activating Arginase in Whole Rat Liver Homogenate 
The values listed i in each row across were obtained on the same e liver homogenate 


Without MnSO, With MnSO, Per cent activation 
K per gm. tice. | © 
5.2 6.4 24 
4.4 6.7 52 
4.3 6.9 63 
3.4 5.5 64 
3.0 4.1 35 
3.8 y er 96 
Average 4.0 6.2 56 


This concentration of manganese might be sufficient for activation of all of 
the arginase in the nuclei even if none of the other metals which are listed 
in Table III as being present in the nuclei contribute anything to the metal 
activation of arginase. 

The arginase activity of isolated rat liver cell nuclei decays rapidly for a 
time and then remains at approximately a constant activity when the nuclei 
are kept at +3° in the ice box, suspended in distilled water. Decay curves 
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for three samples of nuclei are shown in Fig. 6. These curves show that the 
nuclei must be freshly made if maximal arginase activity is to be obtained, 
and also that manganese does not affect the decay curve appreciably. The 
values listed in Table I for the arginase activities of isolated cell nuclei are 
for freshly prepared nuclei, not more than 6 hours old if the time is counted 


TaBLe III 
Metals in Isolated Cell Nuclei of Rat Liver 


Element Per cent in rat liver cell nuclei 
Be) iA aint eee 2.5 X 10-2 
WO ee eee UR RR ee ES 7 ee 1.7 X 10°? 
Mis! 2 i” an, fafa on 1.1 X 107 
Mg. 7.0 X 10°? 
Mn. 1.4 X 1073 
i) EE OEE ete Ne, re Rei 1.2 xX 10° 
we es 2.3 & 
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Fic. 6. Decay of arginase in isolated cell nuclei preparations. 7, Sample 1, 


without MnSO,; O, Sample 2, without MnSO,; 0, Sample 2, with MnSO,; A, Sample 
3, without MnSQ,. 


60 70 80 


from the moment the frozen liver is added to the Waring blendor. It is 
assumed that the arginase in the cell nuclei does not decay appreciably be- 
fore the isolation of the nuclei while the liver is being frozen, since this 
appears to be true for the whole tissue. 

The results given in Table I show that the average value for A per gm. of 
cell nuclei isolated from normal rat liver is 8.6, while the average value of 
K per gm. of whole normal rat liver homogenate, after activation with 
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MnSO,, is 7.6. This latter value was calculated by applying the average 
per cent activation caused by MnSO, in the six experiments shown in Table 
II to the average value of the arginase K per gm. for whole rat liver homo- 
genate given in Table I and calculated from the fifteen determinations on 
different liver samples for each determination. (This average value is 4.9: 
(4.9 X 0.56) + 4.9 = 7.6.) The value of K per gm. of 7.6, thus obtained, 
is higher than the average value of 6.2 obtained directly from the data in 
Table II, but the values of K per gm. without adding MnSO,, which are, 
given in Table IT, yield an average value which is considerably lower than 
that obtained by averaging all of the fifteen determinations. 

Briefly then, the average K per gm. of arginase in cell nuclei of rat liver 
is about 113 per cent of the value of completely activated whole rat liver 
homogenate; the values of K per gm. for dog, lamb, rat, and chicken 
kidney are very much lower, and the value of A per gm. of cell nuclei 
isolated from the above tissues is negligibly small compared to that of rat 
liver or cell nuclei of rat liver. 

No attempt was made to determine whether the trace of precipitate 
obtained with cell nuclei of the latter tissues was due to a very small but 
real arginase activity or whether it was an artifact due, for example, to bae- 
terial action. We can state that K per gm. of these nuclei was at the most 
not greater than 0.002, or 10 per cent of the average value for lamb kidney, 
The time of incubation required to get enough urea to give any visible 
dixanthyl urea precipitate was so long that bacterial growth must have 
occurred in at least some cases. The values for the whole kidney homo- 
genates represent real values. for arginase activity, as anyone acquainted 
with the literature on the determination of arginase will no doubt concede, 
but we do not claim that our method of determination gives very accurate 
results in the case of kidney homogenates in which the arginase activity is 
quite low. 

Experiments Relating to Possible Adsorption of Cytoplasmic Arginase by 
Cell Nuclei—A quantity of nuclei isolated from dog kidney and calculated to 
weigh 18.6 mg., if dried, was centrifuged from an aqueous suspension and 
was resuspended in 2 ml. of partially purified, soluble beef liver arginase 
solution having a monomolecular reaction velocity constant K of 2.2 per ml. 
(This represents a fairly strong arginase solution.) The arginase solution, 
which was water-clear and nearly colorless, and which contained a small 
amount of MnSO, as activator, had been prepared previously from beef 


liver. 

The nuclei were recovered by centrifugation from the arginase solution 
after having been suspended in it for half an hour and were washed six times 
with distilled water. The K per gm. (dry weight) of the recovered nucle! 
was0.11. By referring to Table I it can be seen that the nuclei had gained 
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an appreciable amount of arginase activity, but on a dry weight basis their 
activity was only 1.3 per cent of the activity of nuclei isolated from rat 
liver cells. 

This experiment was repeated, with more dilute beef liver arginase, in 
order to duplicate more closely the arginase activity of the supernatant of 
rat liver homogenate used for isolation of cell nuclei. A quantity of nuclei 
from lamb kidney calculated to weigh 4 mg., if dried, was suspended for half 
an hour in 1 ml. of arginase solution having a monomolecular reaction 
velocity constant K of 0.03 per ml. The nuclei were recovered by centrifu- 
gation, washed six times with distilled water, and the arginase concentration 
was determined. The K per gm. of nuclei, ona dry weight basis, was 0.28, 
which indicates that the nuclei had an activity of only 3.3 per cent that of 
cell nuclei of rat liver, on a dry weight basis. 

Another experiment was carried out in which the arginase was added to 
the homogenizing material in the Waring blendor 1 minute before homogen- 
ization was stopped. In this case the arginase concentration was adjusted 
so as to be of the same order of magnitude as the concentration of arginase 
in the clear supernatant from the rat liver homogenate after centrifuging off 
both the nuclei and the insoluble cell granules in a high speed centrifuge. 
This procedure was adopted because it was found that much of the cyto- 
plasmic arginase in the case of liver remained bound to cytoplasmic granules 
at the pH of the isolation of nuclei (6.0). This bound portion of the 
arginase therefore was discarded when the nuclei were freed from the last 
contaminating granules. 

After adding the arginase to the suspension of lamb kidney in the Waring 
blendor, the lamb kidney nuclei were isolated as usual, and their arginase 
activity Was measured. Again appreciable arginase had combined with the 
nuclei; its concentration in the nuclei amounted to K per gm. of 0.52. This 
is, however, only 6 per cent of the arginase activity of nuclei isolated from 


- rat liver. 


Finally the experiment described last was repeated exactly, except that 
chicken liver was used instead of lamb kidney. In this case no detectable 
amount of arginase appeared in the isolated nuclei. 

The results of the experiments on the possibility of adsorption of arginase 
by cell nuclei from the cytoplasmic arginase are summarized in Table IV. 
If cell nuclei of rat liver behave similarly to cell nuclei of dog and lamb 
kidney and chicken liver, it is unlikely that a transfer of dissolved enzyme 
from the cytoplasmic material to the nuclei during isolation of the nuclei 
could be of sufficient magnitude to affect the quantity of arginase in the 
nuclei appreciably. It also appears unlikely that lamb arginase would 
behave in a significantly different manner towards lamb cell nuclei than 
would beef arginase. If crystalline arginase should become available in the 
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future, however, it might be worth while to carry out an experiment on 
“adsorption” of arginase by nuclei with the homologous enzyme. 

Possible Adsorption of Arginase by Cell Granules—It may be of interest to 
those working on isolated cell granules to know that the amount of added 
arginase taken up or adsorbed by the cytoplasmic granules was negligible in 
the experiment in which the diluted beef liver arginase was added to the 
homogenized lamb kidney in the Waring blendor. In this work « sample of 
the granules (all sizes taken together) was obtained by centrifugation in the 
cold at 18,000 r.p.m. The supernatant solution, which was perfectly clear, 
contained practically all of the added arginase. 


TABLE IV 
Adsorption of Arginase by Cell Nuclei 


Arginase solution added to 


Isolated cell nuclei placed cell homogenate in Waring 


in arginase solution 


blendor; nuclei then isolated 
Cell nuclei of Cell nuclei of 
dog kidney dog kidney . E 52 
with strong | with diluted c . pa ; = = 
arginase solu-|arginase solu ki ae eee 
tion, K per | tion, K per — —— 
ml. = 2.2 ml. = 0.03 
Arginase activity, A per gm. dry weight 0.11 0.28 0.52 0) 
Arginase activity, °% of activity of rat 1:3 3.3 6.0 0 


liver nuclei 


DISCUSSION 


It has been demonstrated in the foregoing paragraphs that the arginase 
content of the nuclei of rat liver cells is in all probability as high or higher 
in concentration than it is in the cytoplasm. The studies on whole liver 
can be taken to approximate cytoplasm, since the amount of nuclear ma- 
terial in a whole liver homogenate cannot be more than 10 per cent on a dry 
weight basis, as can be deduced from the studies of Marshak (4). One of 
the simplest possible explanations of this finding is that the enzyme arginase 
is synthesized in the cell nucleus and then passes out into the cytoplasm 
It appears to us that the arginase located in the liver cell nucleus is not likely 
to have any functional significance peculiar to the cell nucleus, since this 
enzyme appears to fulfil a special réle in metabolism in the formation of urea 
which in animals is limited to the liver. Furthermore, the substrates for 
urea formation must to a large extent come into the liver cells from the cir- 
culation, and thus they have to reach the cytoplasm before penetrating to 
the nucleus. It is entirely possible that the concentration of arginine in the 
nucleus may for this reason be very low compared to its concentration in 
cytoplasm where presumably the bulk of the urea formation is occurring. 
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For this reason the nuclear arginase may have little or no substrate to act 
upon. 

It has also been demonstrated that the arginase activity of nuclei isolated 
from kidney cells is negligible, although arginase activity is easily demon- 
strable in whole kidney tissue. 

It has been suggested by Kochakian (5) that the arginase of kidney is in 
reality a transamidinase which is responsible for the formation of glycocy- 
amine and which accidentally possesses weak arginase activity. The fact 
that liver arginase is enormously higher in activity than kidney arginase 
lends strength to this idea. It is hard to imagine that such a small amount 
of arginase as occurs in the kidney can have any functional significance 
unless it is concentrated in a limited number of cells. If indeed the so called 
kidney arginase is not a true arginase, there is no reason a priori to predict 
its presence in kidney cell nuclei, since even in the case of liver we have en- 
countered enzymes such as choline oxidase (6) and succinic dehydrogenase* 
(2) which are present in very low concentration or absent in the cell nuclei. 

The chief findings of interest in this work are, therefore, that the enzyme 
arginase appears to be a real constituent of nuclei of rat liver cells, and that 
it is present there in as high or higher concentration than in the cytoplasm. 
The latter finding indicates the possibility that arginase may be synthesized 
in the cell nucleus, particularly when one realizes that there may be little or 
no substrate for the enzyme to work upon in the nucleus. 


SUMMARY 


1. Cell nuclei have been isolated by an improved method from normal rat 
liver, normal chicken liver, normal dog, lamb, rat, and chicken kidney, and 
normal sheep pancreas, and the arginase activities of the cell nuclei isolated 
from these tissues have been compared. 

2. The arginase activity per dry weight of cell nuclei isolated from normal 
rat liver is now found to be about 113 per cent of the activity of normal 
whole rat liver homogenate when the latter is activated by the addition of 
MnSO,. MnSO, does not increase the arginase activity of nuclei isolated 
from normal] rat liver. 


Recent repetition of work on succinic dehydrogenase with cell nuclei of rat liver 
isolated by the improved method (3) has confirmed our earlier results (2) that the 
activity of this enzyme is negligible in the nuclei compared to its activity in the whole 
liver homogenate. Both the Warburg technique and the methylene blue technique 
ugain were used. As before (2) cytochrome oxidase was found to be present in very 
appreciable amount, although a careful reinvestigation of its quantitative activity 
has not yet been made. We wish to thank Frederick G. Smith for estimating the 
cytochrome oxidase activity of the isolated nuclei by means of a new colorimetric 
method. It thus appears to be possible to use the absence of succinie dehydrogenase 
as one indication of freedom from cytoplasm of the isolated cell nuclei. 
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3. The arginase activities of cell nuclei isolated from the kidney of dog, 
lamb, rat, and chicken are extremely small or zero, although by the method 
employed the presence of arginase could easily be shown in the whole 
homogenates of these tissues, all of which have low arginase activities 
compared to normal rat liver homogenates. 

4. Experiments designed to detect a possible transfer of arginase from the 
soluble cytoplasmic fraction to the nuclei during the process of isolation of 
the nuclei indicate that any such transfer would probably be too small in 
magnitude to affect appreciably the arginase activity of the isolated nuclei, 
The same can be said, incidentally, of a possible transfer of dissolved 
arginase to the cytoplasmic granules. 


We gratefully acknowledge the continued support of the Donner Foun- 
dation, which made this work possible. 
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Previous work (1, 2) in our laboratory showed that the addition of protein 
hydrolysates or certain amino acids to a 9 per cent casein-sucrose ration 
deficient in niacin resulted in a marked reduction in the growth rate of rats. 
The further addition of either niacin or tryptophan restored growth toa 
rate equal to or exceeding that of rats receiving the unsupplemented basal 
ration. Subsequent experiments (3) have shown that a mixture of amino 
acids simulating 2 per cent acid-hydrolyzed casein is equally effective in 
inducing the niacin deficiency. The experiments reported in this paper 
deal with the effect of individual amino acids and the possible mechanism 
of their action. 


EXPERIMENTAL 


The procedures used in these experiments were similar to those employed 
in previous studies. 3 week-old male Sprague-Dawley rats, kept in indi- 
vidual cages, were fed ad libitum over a 5 week experimental period, and 
weighed at weekly intervals. The basal diet had the following composition: 
sucrose 81.8 per cent, corn oil 5 per cent, casein! 9 per cent, Salts [IV 4 per 
cent (4), L-cystine 0.2 per cent, and vitamins added as a dry mixture diluted 
with sucrose to provide the following quantities per 100 gm. of diet: thi- 
amine 0.2 mg., riboflavin 0.3 mg., pyridoxine 0.25 mg., calcium pDL-panto- 
thenate 2 mg., choline chloride 100 mg., inositol 10 mg., biotin 0.01 mg., 
and folic acid 0.02 mg. Halibut liver oil fortified with vitamins E and K 
and diluted with corn oil was used as a source of the fat-soluble vitamins. 
This was fed by dropper once each week to provide approximately the fol- 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from the National 
Dairy Council, on behalf of the American Dairy Association, and the Nutrition 
Foundation, Inc. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for the sup- 
ply of crystalline B vitamins, and to the Abbott Laboratories, North Chicago, 
Illinois, for the generous supply of haliver oil. 

1 Smaco purified casein. 
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lowing daily intakes: vitamin A 400 1.v.,? vitamin D 4 1.U., 2-methyl-1 , 4. 
naphthoquinone 0.06 mg., and a-tocopherol 0.7 mg. The average growth 
rate for twelve negative control rats was 12 gm. per week, and for twelve 
positive control animals 16 gm. per week in the series of four experiments 
reported here. The symptoms noted in those animals which received the 
rations containing growth-suppressing amino acids were roughness of fy 
and inflammation of the paws and nose. These symptoms appeared after 
the rats had received the experimental ration for more than 2 weeks. 

Feces were collected from selected groups of animals during the 4th week 
in two of the experiments. The feces were dried in vacuo, and samples 
weighing 0.4 gm. were hydrolyzed with 20 cc. of 1 N NaOH by autoclaving 
at, 15 pounds pressure for 1 hour. After neutralizing, the diluted samples 
were assayed for nicotinic acid according to the method of Teply ef al. (5), 
The values obtained are recorded in Table IIT. 

Following the 5 week growth period of one experiment urine was collected 
under toluene from rats from selected groups. The N'-methylnicotinamide 
content was measured by the acetone-fluorometric method of Huff ef al. (6), 

In the first experiment two mixtures of amino acids were used; Mixture 
[ contained those amino acids which had been fed in the previous experi- 
ment as the naturally occurring L isomers, and Mixture IT those which had 
been fed as the racemic mixture. These mixtures represented an arbitrary 
division of the amino acids previously used (3) into two groups based on 
the isomeric forms most readily available comm orcially. These amino 
acids were added to a 9 per cent casein ration at 1.2CY per cent of Mixture 
I or 1.046 per cent of Mixture II to give the same coz.centrations of indi- 
vidual amino acids as previously used. 

RESULTS AND DISCUSSION 

The results of studies on the effect of amino acids on the growth of rats 
receiving the basal ration with and without niacin are shown in Table I. 
The growth rates are tabulated as percentage of the growth of the negative 
control group or of the positive control group. This procedure and the 
criteria used in evaluating the results are the same as those previously em- 
ployed (3). The addition of amino acid Mixture II resulted in a very 


marked inhibition of growth (14 per cent of the growth of negative controls), 


while Mixture I was only slightly effective in suppressing growth (72 per 
cent of negative controls). 

A second experiment involved the use of the individual amino acids in 
Mixture II. Each of these amino acids was added separately to a 9 per 


2 In the preceding paper (3) of this series the vitamin A and D content was 
erroneously reported as vitamin A 61.U. and vitamin D 0.06 1.u. The levels should 
be the same as given in this paper. 
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TABLE [ 
Effect of Certain Supplements on Growth Rate of Rats Receiving Low Niacin Diets 


Supplement 


2% acid-hydrolyzed casein (H.SO,) 

2% % “ (HCI) 

1.267% amino acids (Mixture I)* 

1.046%  ‘“ > ee II)t 

2.534% —~ Tie ee OR I) 

0.104% pi-phenylalanine 

0.208% i 

0.052% 

(0.104% p-phenylalanine 

0.078% pu-threonine 

0.156% " 

0.156% e- t 
tryptophan (no niacin) 

0.104% pui-phenylalanine + 0.156% pL- 
threonine 

pL-Threonine (injected) 15.6 mg. per day 

pt-Phenylalanine (injected) 10.4 mg. 
per day 

0.126% puL-aspartic acid 

0.28% pu-valine 

().26% pu-isoleucine 

0.52% rT; 

0.12% pL-serine 

0.164% L-arginine hydrochloride 

0.1% u-histidine hydrochloride: H.O 

0.2% % - 

().256% L-tyrosine 

0.276% u-lysine hydrochloride-H.O 

0.912% u-glutamie acid 

0.484% u-leucine 

0.328% L-proline 


0.05° DL 


).5% fat-isoealoric replacement of 4.5% 
corn oil by sucrose 

30% fat-isocaloric replacement of su- 
crose by 25 gm. corn oil 


2% glycine 
2% = + 0.5% fat-isocaloriec re- 


placement of 4.5°% corn oil by sucrose 
2% glycine + 30°% fat-isocaloric re- 

placement of sucrose by 25 gm. corn oil 
3.12% N-ethylglycine 


Without niacin or 


Plus 1.5 mg. niacin per 
tryptophan 


100 gm. ration 


Average gain Average gain 


No. of as per cent No. of as per cent 
animals of negative | animals of positive 
controls controls 

6 43 3 119 
6 64 
3 72 3 77 
3 14 3 115 
3 100 3 119 

12 57 3 110 
3 51 
3 79 
3 58 
3 21 

12 17 3 125 

3 168 

3 22 
3 33 3 137 
3 117 | 3 106 
3 91 | 

3 100 

3 91 | 

3 - 
3 104 
3 75 
3 83 
3 58 } 
3 117 
3 87 
3 115 
3 103 
3 71 
6 71 6 107 
6 108 6 131 
9 62 | 
6 33 | 
6 92 
3 40 
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TaBLe I—Concluded 





Without niacin or | Plus 1.5 mg. niacin per 
tryptophan 100 gm. ration 
| 
Supplement | Average gain Average gain 
No. of | | as per cent | No. of | as per cent 
| animals | of negative animals of positive 
controls | controls 
; — bd ee, | —————| Retire ~ 
3.72% glycine ethyl ester | 3 17 | 
. . . | | 
2% glycine + 1 mg. pyridoxine 3 40 | 
0.156% pu-threonine + 1 mg. pyridoxine | 3 17 | 
0.104% pu-phenylalanine + 1 mg. pyri- 3 66 
doxine 
2% sulfasuxidine 3 75 
2% - + 0.104% pu-phenyl- 3 83 
alanine 
2% sulfasuxidine + 0.156% pi-threonine | 3 a 


* Amino acid Mixture I: L-arginine hydrochloride 0.082 gm., u-histidine hydro- 
chloride: H,0 0.05 gm., t-lysine hydrochloride: H,0 0.138 gm., L-tyrosine 0.128 gm., 
L-leucine 0.242 gm., L-glutamic acid 0.456 gm., and L-proline 0.164 gm. 

+ Amino acid Mixture II: pi-phenylalanine 0.104 gm., pi-serine 0.12 gm., pL- 
threonine 0.156 gm., pt-isoleucine 0.26 gm., DL-aspartic acid 0.126 gm., and DL-valine 
0.28 gm. All of the amino acids in these mixtures are at the same level as in 2 per 
cent acid-hydrolyzed casein with the exception of threonine and isoleucine, which 
were added in quantities equal to twice those present in this amount of casein hy- 
drolysate. Alanine, glycine, and cystine were left out of the mixtures because the 
growth inhibition effect of the first two is known, and cystine was incorporated into 
the basal ration. 





cent casein ration in amounts equivalent to their occurrence in 2 per cent 
acid-hydrolyzed casein. It was found that 0.078 per cent pi-threonine 
suppressed growth markedly (17 per cent growth of negative controls) and 
0.104 per cent pi-phenylalanine, though fulfilling the criteria adopted, was 
not as effective as pi-threonine. In both cases the addition of niacin (1.5 
mg. per 100 gm.) to these diets resulted in growth rates greater than those 
for positive control groups. When 50 mg. of pi-tryptophan per 100 gm. 
were added to the pi-threonine-supplemented ration, a greater increase in 
the growth rate was noted (125 per cent with added niacin, 168 per cent 
with added tryptophan. The increased growth resulting from the addition 
of pi-threonine to the basal ration containing added cystine and niacin or 
tryptophan indicates that threonine may be the next most limiting nutri- 
ent in this ration. Hall and Sydenstricker (7) have shown that threonine 
is one of five amino acids which are limiting in a 9 per cent casein basal 
ration containing added cystine. Additional histidine, lysine, valine, threo- 
nine, and tryptophan were necessary for optimal growth. 

In another experiment the L-amino acids in Mixture I were investigated 
individually at twice the levels present in 2 per cent acid-hydrolyzed casein. 
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None of the L-amino acids suppressed growth sufficiently to meet the cri- 
teria adopted. However, it was noted that the incorporation of L-histidine 
at 0.2 per cent (4 times the level present in Mixture I) of the ration caused 
growth suppression to 58 per cent of that of the negative control group. 

The succeeding experiments were conducted in an effort to elucidate the 
mechanism of the inhibition of growth by pi-threonine and pi-phenyl- 
alanine. The p isomer of phenylalanine® was found to be as effective as 
the racemic acid when fed to one group of three animals. Further work 
is now in progress to determine the relative activity of the p and 1 forms. 
To compare two routes of administration of threonine and phenylalanine 
two groups of three rats each were injected with amounts of these amino 
acids approximately equal to those received in the ration by control rats. 
Solutions containing 15.6 mg. per ml. of pi-threonine or 10.4 mg. per ml. 
of pt-phenylalanine were injected in three equal doses over a 24 ‘hour 
period. pi-Threonine gave marked growth suppression whether injected 
or fed, and this suppression was overcome by the addition of niacin to the 
ration. The ineffectiveness of 10.4 mg. per day of pi-phenylalanine intra- 
peritoneally may be the result of too small a quantity for this route of ad- 
ministration. Failure to obtain an additive effect from 0.156 per cent DL- 
threonine and 0.104 per cent pi-phenylalanine (Table I) may have been 
the result of too much threonine or insufficient phenylalanine or both to 
demonstrate such an effect. At equal levels of oral intake threonine is 
far more effective than phenylalanine. 

That the intestinal microflora may be playing a rdéle in the influence of 
these individual amino acids on growth is shown by the fact that, when 
pi-threonine or pL-phenylalanine was added to a ration containing dextrin 
instead of sucrose, the growth inhibition was not marked (Table II). The 
incorporation of gelatin at a level of 6 per cent caused growth inhibition, 
indicating that two separate mechanisms may be involved in the suppres- 
sion caused by gelatin and threonine. Further, the growth failure when 
gelatin was fed and the correction by niacin indicates that the niacin present 
in the dextrin was not responsible for this carbohydrate difference. Acid- 
hydrolyzed casein gave only slight growth depression when added to a 9 
per cent casein-dextrin ration. The amount of inhibition obtained with 
acid-hydrolyzed casein when sucrose was the carbohydrate seemed to be 
affected by the method of hydrolysis used. A sulfuric acid hydrolysate! 

* We are indebted to Mr. D. G. Doherty for p-phenylalanine. 

*Smaco casein was hydrolyzed with 5 volumes of 5 n H.SO, for 16 hours at 15 
pounds pressure in the autoclave and neutralized with solid barium hydroxide. 
The combined filtrate and washings were concentrated in vacuo to a syrup which was 
dried to a porous cake in a vacuum oven at 50°. The mixture was finely powdered in 
a mortar and stored in a brown bottle until it was incorporated into the dry ration. 
The mixture was light amber and very hygroscopic. 
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gave stronger inhibition than a hydrochloric acid hydrolysate’ (‘Table J), 
The determining factor may have been the threonine and phenylalanine 
content of the hydrolysates, since microbiological determinations showed 
that 2 per cent of the sulfuric acid hydrolysate provided phenylalanine at 
0.072 per cent of the ration and threonine at 0.055 per cent. 2 per cent of 
the hydrochloric acid hydrolysate furnished phenylalanine at 0.020 and 
threonine at 0.044 per cent of the ration. 

Other factors such as vitamin and fat levels were investigated, 
Schweigert et al. (8), Rosen et al. (9), and Bell et al. (10) have shown that 
the pyridoxine intake influences the quantities of niacin derivatives in the 
urine. In these experiments increasing the pyridoxine level from 0.25 to 
1 mg. per 100 gm. of diet did not counteract the growth inhibition caused 
by free amino acids (Table I). Salmon (11) noted poor growth in rats fed 


TABLE II 
Effect of Certain Supplements When Ration Contains Dezxtrin 


Plus 1.5 mg. niacin per 


Without niacin 
fe ; 100 gm. ration 


Supplement 


; Average gain Average gain 
No. of as per cent No. of as per cent 
animals of negative animals of positive 
controls controls 
2°% acid-hydrolyzed casein.......... 6 65 3 92 
BO IAUIED 5 iF os nscoiscy's hd do wists 3 15 3 103 
0.156% pu-threonine........ 3 80 
0.104% pu-phenylalanine 3 82 
3 29 


6% gelatin plus 30% fat 


diets low in fat containing up to 18 per cent casein, and no known source 
of a deleterious agent. He found that when the fat level was increased to 
30 per cent the niacin deficiency was relieved. Qualitatively the same 
results were obtained in our studies when the level of fat in the ration was 
varied from 0.5 to 30 per cent. The reduction of the fat level to 0.5 per 
cent gave a slight reduction in growth, and elevation of the fat level to 30 
per cent gave a very slight increase in growth compared to 5 per cent corn 
oil (Table I). The effect of varying the level of fat on the growth of rats 
receiving the basal ration containing 2 per cent glycine (2) was also in- 


* Smaco casein was hydrolyzed with 5 volumes of 5 nN HCl for 16 hours at 15 pounds 
pressure in the autoclave. The solution was filtered, and concentrated in vacuo toa 
syrup. Water was added and the solution concentrated again to a syrup. This 
process was repeated until the solution was approximately pH 3. The hydrolysate 
from 1 kilo of casein in 3 liters of hot solution was treated with 300 gm. of norit and 
filtered through a fluted filter. After concentrating, it was dried to a porous cake 
in a vacuum oven at 50°. The cake was powdered and stored in a brown bottle. 
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vestigated. The addition of 30 per cent fat to the ration relieved the 
growth inhibition of 2 per cent glycine, while the reduction of the fat level 
to 0.5 per cent reinforced the inhibition. Better growth with high fat 
rations may be explained on the basis of a sparing action on the niacin as 
suggested by Salmon (11), or by synthesis or decreased destruction of this 
vitamin by intestinal microorganisms when a high fat ration is fed. 

Derivatives of glycine were tested on the 9 per cent casein basal ration. 
Two groups of animals were fed the ration containing 3.12 per cent N-ethyl 
glycine or 3.72 per cent glycine ethyl ester. Both derivatives gave 
a slightly stronger inhibition than an equivalent amount (2 per cent) of 
glycine itself. 

The analyses of the dried feces for nicotinic acid revealed that the daily 
excretion of this vitamin was approximately the same (7 to 12 y per day) 
in all groups regardless of the body weight or quantity of feces excreted. 
When expressed on the basis of dry weight of feces or per 100 gm. of body 
weight per day (‘Table III), the animals whose growth was poor showed 
greater niacin excretion, regardless of the ration received. This relation- 
ship was markedly altered, however, by the presence of sulfasuxidine, which 
reduced the excretion from more than 100 y per gm. to 10 y per gm., when 
added to the threonine-supplemented ration, from 40 to 10 y per gm. for 
the unsupplemented basal ration, and from 50 to 10 y per gm. for phenyl- 
alanine-supplemented animals. It is interesting that the sulfasuxidine 
which exerted such a profound effect on the niacin content of feces had no 
effect on the growth rate of the animals. This finding as well as the inverse 
relationship between feces niacin and growth suggests that the niacin syn- 
thesis in the lower tract is not the determining process in the nutritional 
relationships being studied. That niacin synthesis in some portion of the 
tract is of some importance, however, is suggested by the effect of substi- 
tuting dextrin for sucrose in the diet. As previously reported (5), this 
carbohydrate greatly elevated niacin excretion in the feces. Regardless 
of the supplements fed, rats receiving dextrin excreted approximately 130 
y per gm. or 50 y per 100 gm. of body weight per day. 

The results of the measurements of urinary N'-methylnicotinamide indi- 
cated that there was no significant effect of any supplement except trypto- 
phan. In this group urinary excretion was 87 y per day per 100 gm. of 
body weight compared to 7.0 y for control animals. Urinary excretion of 
this metabolite was elevated in rats receiving the dextrin-containing rations 
to 21 y per day. No significant difference was found in the threonine and 
tryptophan content of protein-free filtrates of liver and plasma with the 
microbiological assay. Growth inhibition of an amino acid mixture con- 
taining 0.25 per cent L-histidine, 0.4 per cent pi-threonine, 0.52 per cent 
L-lysine, and 0.3 per cent pi-valine has been reported by Singal et al. (12), 
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ee “ec 


+ niacin 
Basal + acid-hydrolyzed casein 
¢ 6+ 2% glycine 


| 
| 
| 
} 
| Sucrose basal 
| 
| 
| 
| «¢ + 0.078% pu-threonine 


e+ 0.156% a 
| “ + 0.208% pu-phenylalanine 
| + 0.104% " 
| + 0.104% si 


=: 0.078% pu-threonine 


| 


| 


Aver- 
age 


y per 


| gm. 


70 | 


36 


= 


103 


| 100 


| Basal + 0.156% pu-threonine + | 


| 0.05% pu-tryptophan 
| Dextrin basal 


" ‘¢ + niacin 

| " “+ 0.156% pu-threo- 
| nine 

| Dextrin basal + 0.104% pi-phenyl 
| alanine 

| Sucrose basal 

| cc cc 


+ niacin 
Basal + 0.104% pui-phenylalanine + 
2% sulfasuxidine 
Basal + 0.156% pi-threonine + 2% 
sulfasuxidine 
Basal + 2% sulfasuxidine 
« + 0.156% pu-threonine 
e+ 0.104% pu-phenylalanine 
«+ pu-threonine (injected) 15.6 
mg. per day 
| Basal + niacin + pu-threonine (in- 
jected) 15.6 mg. per day 
Basal + pu-phenylalanine (injected) 
10.4 mg. per day 
Basal + niacin + pu-phenylalanine 
(injected) 10.4 mg. per day 


82 
62 
49 
89 


44 


l 
| 


40 | 


10 


10 


10 
141 
50 
101 


using a similar ration in rat experiments. 


mixture had no effect on the niacin content of livers, whereas adminis- 
tration of niacin increased the quantity of this vitamin in the liver. 


Feces 


Range 


y per gm. 


(42-109) 
(30- 41) 
(45-100) 
(94-111) 
(77-121) 
(61-110) 
(32-108) 
(29- 79) 
(83- 90) 


| 


| 


| 


(36- 54) 


(110-166) 
(112-137) 


(120-161) 


(116-191) 


(44- 46) 
(32— 45) 
(10— 10) 
(8- 13) 
(8— 11) 
(66-221 ) 
(46- 54) 


(67-142) 
(36- 81) 


(43- 55) 


They found that the amino acid 


Body 





Average | 


gm. 


74 
95 
61 
57 
56 
53 
67 
76 
60 


126 
134 
123 
115 


79 


101 


106 


- 
weight at | 
collection | 


Body weight 


Aver- 
age 


| 


Range 


y per | per day 
|day per| per 100 
| 100 gm. | 


| 


17 

7 
12 
20 
19 
14 
13 

9 
16 


9 
50 
44 
43 


48 


| 
| 
| 
| 
| 
| 
| 
| 


| 


gm. 
(11-21) 
(6- 8) 
(7-21) 
(17-21) 
(11-30) 
(10-21) 
(7-21) 
(7-10) 
(12-93) 


(7-11) 
(38-68) 
(36-54) 
(24-54) 


(34-65 
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SUMMARY 


Addition of pi-threonine or pi-phenylalanine in amounts equivalent to 
that present in 2 per cent acid-hydrolyzed casein aggravated a niacin-tryp- 
tophan deficiency in rats. All other amino acids fed at comparable levels 
were without effect. 

pt-Threonine injected intraperitoneally at 15.6 mg. per day caused 
growth suppression equal to that obtained when this amino acid was fed 
at the same level. Injection of 10.4 mg. of pi-phenylalanine per day was 
without effect. 

The growth inhibition produced by either pi-threonine or pi-phenyl- 
alanine was reversed by the addition of 1.5 mg. per cent of niacin, 50 mg. 
per cent of pi-tryptophan, or by replacing the sucrose in the diet with 
dextrin. 

Studies on the niacin content of the feces showed that all animals excreted 
approximately the same amounts per day. When the niacin content of 
the feces was expressed on a body weight basis or per gm. of dry feces, the 
values varied inversely with the growth rate, regardless of the ration used. 
The addition of 2 per cent sulfasuxidine to the rations sharply reduced the 
niacin in feces without affecting the growth rate. 
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AN INTERMEDIATE IN THE BIOSYNTHESIS OF LYSINE IN 
NEUROSPORA* 


By HERSCHEL K. MITCHELL ann MARY B. HOULAHAN 


(From the Kerckhéff Laboratories of Biology, California 
Institute of Technology, Pasadena) 


(Received for publication, April 2, 1948) 


Investigations by Doermann (1, 2) have provided evidence for the 
existence of at least four distinct genetic types of lysine-requiring mutants 
of Neurospora. One of these (strain 4545) has been utilized in a method 
for biological assay for this amino acid (3). More recently evidence for 
some interrelation between the biosynthesis of uridine and lysine (4) has 
prompted further investigations of the group of lysineless mutants. 

The first substantial evidence concerning the mechanism of biosynthesis 
of lysine in Neurospora has been provided as a direct result of the recent 
discovery by Borsook and his associates (5, 6) that lysine is converted by 
mammalian tissue slices and homogenates to a-aminoadipic acid. It has 
now been found that one of the Neurospora lysineless mutants (strain 
33933) is able to utilize a-aminoadipic acid in the place of lysine. Mutants 
of three other genetic types are unable to do so. Thus, evidence is pro- 
vided that this 6-carbon dicarboxylic acid is a precursor in the biological 
synthesis of lysine by Neurospora. Since three of the genetically different 
mutants (strains 4545, 15069, and 37101) do not utilize a-aminoadipic 
acid, it is to be expected that the corresponding three genetic blocks are 
concerned with different steps in the conversion of a-aminoadipic acid to 
lysine. Consequently several compounds having a possible place in this 
series of reactions were tested for growth-promoting activity on all four 
mutants. These included the naturally occurring hydroxylysine (7), 
a,a’-diaminopimelic acid, a-ketoadipic acid, and 2-carboxy-6-piperidone. 

Doermann (1, 2) has described a striking inhibition of the lysineless 
mutants by arginine and has attributed this effect to interference with the 
biological conversion of an external supply of lysine to utilizable natural 
intermediates in the mold. With a-aminoadipic acid as well as lysine to 
provide the growth substance for strain 33933, the inhibitory effects of 
arginine, glutamic acid, and asparagine have been investigated. 


EXPERIMENTAL 


Growth Requirements—As reported by Doermann (1), Neurospora strains 
4545, 15069, 33933, and 37101 require lysine for growth. Growth curves 


* This work was supported by funds from the Rockefeller Foundation. 
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for strain 33933 in the presence of L-lysine, L-a-aminoadipic acid, and pr- 
a-aminoadipic acid are given in Fig. 1. It will be noted that at high con- 
centrations DL-a-aminoadipic acid is just as effective as the L isomer on a 
molar basis. In contrast it has been shown by Doermann (3) that the p 
isomer of lysine is not utilized appreciably in the presence of the natural 
L form. 

The cyclized form of a-aminoadipic acid (2-carboxy-6-piperidone) was 
also tested for growth promotion of strain 33933. Although the compound 
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Fic. 1. Growth curves of mutant 33933 in the presence of L-lysine (@), L-a-amino- 
adipic acid (j), and piL-a-aminoadipic acid (0). 


is not active in initiating growth, it is utilized completely in the presence 
of an equivalent amount of L-a-aminoadipic acid. 

Inactive Compounds—Since D-a-aminoadipic acid is utilized by mutant 
strain 33933 in the presence of the L isomer, it would be expected that a- 
ketoadipic acid would initiate and support growth of the mold. Similar 
cases have been reported previously in Neurospora (8, 9). Contrary to 
expectations, however, the keto acid was found to be without activity in 
initiating growth or supplementing growth initiated by an equal quantity 
of L-a-aminoadipic acid. Some results are presented in Table I. In the 


experiment given in Table I the keto acid solution, sterilized on a glass. 
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filter, was added after 48 hours growth of the mold in the presence of the 
aminoadipic acid. In other experiments, the keto acid failed to produce 
significant growth stimulation whether it was added after filter sterilization 
or as the sterile dry solid, either before or after initiation of growth. 


TABLE I 
Inactivity of a-Ketoadipic Acid 


Substance added to 20 ml. of culture fluid 








—— 


Dry weight of mold 

















a-Ketoadipic acid | L-a-Aminoadipic acid 

a mg. mg. | mg. 
1 0 0 
3 0 | 0 
0 1 | 41.0 
0.5 1 40.5 
1.5 1 43.0 
3.0 1 40.0 

TaBLe II 


Inhibitions of Strain 33983 in Presence of Lysine and a-Aminoadipic Acid 


All solutions contained 0.005 mm of growth substance per 20 ml. of culture fluid. 
4 days growth. 


Dry weights of mold in presence of 


Substance added ia nate a se aa 2 
L-a-Aminoadipic | DL-aAminoadipic 


L-Lysine acid acid 

mM per 20 ml. mg. ms. mg. 
Arginine | 0.0 32 | 32 27 
0.005 | ‘Trace | 33 11 
0.01 0 27 10 
0.02 | 0 25 8 
Glutamic acid 0.0 31.5 31 27 

0.005 31.5 32 29.5 
0.01 32.5 32.5 28 

| 0.02 31.5 33 14.5 
Asparagine 0.0 31 30.5 30 
0.005 33 Trace 0 
0.01 | 34 | 0 0 


0.02 | 33.5 0 0 


A preparation from gelatin containing hydroxylysine and lysine was 
generously furnished by Dr. Hiller and Dr. Van Slyke. 10 mg. of this 
material contained, as picrates, 1.7 mg. of lysine and a quantity of hydroxy- 
lysine equivalent to 1.9 mg. of lysine. Following removal of picric acid, 
quantitative assays for lysine with all four mutants gave values varying 
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from 1.55 to 1.65 mg. per 10 mg. of picrate. If hydroxylysine had the same 
molar activity as lysine for any of the mutants, a value of 3.6 should haye 
been obtained. Since no significant loss of either amino acid occurred 
during the removal of the picric acid, it appears that hydroxylysine is not 
utilized by the Neurospora mutants. 

a ,a’-Diaminopimelic acid was synthesized according to the method of 
Sérensen and Andersen (10). The compound did not promote growth of 
any of the four mutants and was, in fact, strongly inhibitory to growth in 
the presence of lysine. ‘The compound has not been resolved. 

Growth Inhibitions—Doermann (2) has reported inhibition of the lysine 
mutants by arginine and stimulation by asparagine and glutamic acid, 
These results were obtained in the presence of lysine as the required growth 
substance. In Table II the effects of these substances on strain 33933 in 
the presence of lysine and in the presence of aminoadipic acid are compared, 

As is shown in Table II, glutamie acid is not inhibitory to the utilization 
of L-a-aminoadipic acid when the molar ratio is less than 4:1. When this 
ratio exceeds 10, however, glutamic acid does become inhibitory. Glu- 
tamine and aspartic acid have essentially the same effect as glutamic acid. 

It should be noted that the inhibitory action of all of the compounds 
listed becomes less at high concentrations of a-aminoadipic acid or if tested 
over a long growth period. This is perhaps due to metabolism of the 
inhibitors by the mold. 


DISCUSSION 

It is apparent from the data presented that a-aminoadipic acid is a 
precursor of lysine in Neurospora. The utilization of b-a-aminoadipic 
acid but not a-ketoadipic acid is an unexpected finding which suggests 
that the a-amino group of aminoadipic acid is metabolized in a unique 
fashion. Since this is known to be true of lysine, this result is perhaps not 
surprising, but it does necessitate further critical examination. The 
chemical identity of the preparation of the a-ketoadipic acid that was 
used appears to be beyond question. 

The inhibition data obtained are quite in accord with the conclusions of 
Doermann (1). Whereas arginine is a potent inhibitor in the presence of 
lysine, it is relatively ineffective in the presence of L-a-aminoadipic acid. 
Since Doermann’s data provided evidence that arginine interfered with the 
conversion of lysine to some natural intermediate in the mold, the utiliza- 
tion of a precursor of such an intermediate should be relatively unaffected 
by arginine, as was found. It is to be noted, however, that arginine 
strongly inhibits the utilization of D-a-aminoadipic acid. Asparagine and 


glutamic acid are also effective in this connection. The potent action of 


asparagine in the inhibition of utilization of L-a-aminoadipie acid is sug- 
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gestive of the possibility that amide formation may occur in the conversion 
of a-aminoadipic acid to lysine. This possibility is being investigated. 


The authors wish to express their appreciation for the generous coopera- 
tion of Dr. H. Borsook and Dr. P. H. Lowy of this department. These 
investigators supplied the L- and DL-a-aminoadipic acids, the 2-carboxy- 
6-piperidone, and the a-ketoadipic acid that were used in these investiga- 
tions. 

A preparation of hydroxylysine was obtained through the kindness of 
Dr. Hiller and Dr. Van Slyke of The Rockefeller Institute for Medical 
Research. 


SUMMARY 


1. Evidence is presented to show that a-aminoadipic acid is a precursor 
of lysine for Neurospora. 

2. Mutant 33933, which utilizes lysine or a-aminoadipic acid, is in- 
hibited by arginine in the presence of lysine and by asparagine in the 
presence of a-aminoadipic acid. The significance of these inhibitions is 
discussed and conclusions are in accord with those previously set forward 
by Doermann. 

3. It is shown that, although one mutant utilizes p-a-aminoadipie acid 
in the presence of the L isomer, a-ketoadipic acid does not promote growth. 
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ON THE FAILURE OF pt-HOMOSERINE TO SUPPORT 
GROWTH ON A METHIONINE-DEFICIENT DIET* 


By MARVIN D. ARMSTRONG anp FRANCIS BINKLEY 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Biological Chemistry and Medicine, University of Utah 
School of Medicine, Salt Lake City) 


(Received for publication, April 3, 1948) 


This laboratory is concerned with certain problems involving the chem- 
istry and the metabolic behavior of the hydroxyamino acids. In an earlier 
publication (1) the resolution of pt-homoserine has been described. The 
present report considers the question of whether homoserine can provide 
the carbon chain for the synthesis of methionine in the white rat. 

If homoserine is a product arising from the conversion of the sulfur of 
methionine to that of cystine (2-8), the reactions may be reversible and, 
with an otherwise adequate diet which includes a supply of methyl groups 
(choline) and sulfur (cystine), the rat might be able to synthesize methi- 
onine from homoserine at a rate sufficient for growth. It has recently been 
demonstrated that in Neurospora homoserine furnishes the carbon chain 
for the synthesis of methionine (9). Thus, in spite of the contraindications 
obtained in the feeding experiments with the isomers of cystathionine and 
the in vitro studies of their cleavage by liver extract (7, 8), it seemed of 
interest to determine whether the growing rat was able to carry out the 
synthesis of methionine from homoserine plus choline and cystine. 

A diet devoid of methionine but containing these three compounds was 
fed to young rats. The results presented herein show that homoserine 
cannot give rise to methionine under the conditions outlined. Although 
Teas, Horowitz, and Fling found that in Neurospora homoserine is a pre- 
cursor of threonine as well as of methionine (9), McCoy, Meyer, and Rose 
(10) several years ago showed that homoserine was not able to replace 
threonine for the growth of young rats. It thus appears that homoserine 
has little or no nutritional significance in the diet of the rat. 


EXPERIMENTAL 


A litter of young white rats (Sprague-Dawley) was used for the feeding 
experiment. The basal synthetic diet had the following composition: 
amino acid mixture (exclusive of the sulfur-containing amino acids) 22.0, 
sucrose 41.0, Spry 26.0, salt mixture (General Biochemicals, Inc., Salt 


* This research was supported by a grant from the United States Public Health 
Service. 
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Mixture 2') 4.0, cod liver oil 5.0, and agar 2.0 parts respectively. The 
amino acid mixture was composed of crystalline amino acids and except 
for minor alterations was essentially that reported by Rose and Rice (11), 
The water-soluble vitamins were given as a solution, each rat receiving 
daily 0.5 cc. of a solution which contained 10 y of thiamine chloride, 10 y 
of riboflavin, 10 y of nicotinic acid, 10 y of pyridoxine hydrochloride, 50 y 


Tase I 
Results of Growth Experiments on Methionine-Deficient Diet 





Rat No. Days Average daily | Average daily 


food intake |weight change Supplement to basal diet 


gm. per cent 


gm. 
1(9) 1-8 4.3 —1.6 
9-14 4.8 2.0 1.4 methionine 
15-23 441. =f 2.4 homoserine + 1.2 cystine 
24-29 5.0 | +0.7 1.2 homocystine + 1.2 ‘ 
2 (2) 1~ 8 a6 | OU =88 
| 9-14 ca | | +2.2 0.6 methionine + 0.6 cystine 
15-21 7.4 | +1.4 0.6 " +06 * 
3 (oc) 1-8 5.4 —2.1 
9-14 4.5 —0.5 0.6 homoserine + 0.6 cystine 
15-20* 4.7 —1.7 0.6 " + 1.2 
t (") 1— 8f 4.1 —3.1 
5 (a) 1-8 5.4 —2.1 
9-14 8.0 —0.5 1.2 homoserine + 0.6 cystine 
15-20 4.8 —1.8 1.2 _ + 1.2 
6 (9) 1- 8 4.9 —1.5 
9-14 4.7 —0.5 2.4 homoserine + 0.6 cystine 
15-21 6.0 —1.0 2.4 ss + 1.2 
7 (d) 1- 8 1.9 —2.3 
9-14 4.5 —0.5 0.6 cystine 
15-21 5.3 —0.4 tO 
8 (oc) 1- 8 4.5 —1.6 
9-14 4.8 —0.5 0.6 cystine 
15-29 5.0 —0.4 LZ: 


* Animal died after 20 days. 
+ Animal died after 8 days on the basal diet. 


of calcium d-pantothenate, and 12.5 mg. of choline chloride. pL-Homo- 
serine, DL-methionine, pt-homocystine, and L-cystine were incorporated in 
the diets in the amounts shown in Table I and Fig. | and an equal weight 
of sucrose was omitted from the diet. Food and water were allowed ad 
libitum; the food consumption was measured daily and the animals were 
weighed at intervals. 
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Fic. 1. Growth curves of rats on a methionine-deficient diet. The small vertical 
arrows indicate a change of diet; the numbers in parentheses indicate the initial and 
final weights of the animals in gm. 
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The results of the experiment are tabulated in Table I and are shown 
graphically in Fig. 1. It is apparent from Fig. 1 that homoserine plys 
cystine and choline cannot replace methionine in the diet of the rat. The 
rats receiving homoserine declined faster than the control animals receiving 
the basal diet plus cystine. An autopsy of Rats 4 and 5 revealed no eyj- 
dence of gross pathological lesions of either liver or kidney. 


SUMMARY 


It has been found that pi-homoserine in the presence of cystine and 
choline will not substitute for methionine for the growth of the white rat, 
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THE EFFECTS OF CANAVANINE, ARGININE, AND RELATED 
COMPOUNDS ON THE GROWTH OF BACTERIA* 


By BENJAMIN E. VOLCANI} anp ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, April 7, 1948) 


The physiological properties of canavanine, a naturally occurring, struc- 
tural analogue of arginine, have not been extensively investigated. Re- 
cently, Horowitz and Srb (1) found that canavanine inhibited growth of 
wild type Neurospora, and that the inhibition was competitively alleviated 
by arginine. Lysine and methionine were also effective in alleviating 
canavanine inhibition for certain strains of Neurospora, though not so effec- 
tive as arginine. The sensitivity of various Neurospora types to inhibition 
by canavanine varied considerably, and appeared to be genetically deter- 
mined. These authors review the limited previous work dealing with the 
physiological response of various organisms to canavanine. 

As an extension of this work, the present article describes the effects of 
‘anavanine on growth of several lactic acid bacteria. In contrast to wild 
type Neurospora, most of these organisms require arginine for growth. For 
comparative purposes, two strains of Escherichia coli have been used, a 
parent strain which grows without added arginine, and an arginine-requiring 
mutant derived from the parent strain by treatment with mustard gas. 


Procedure 


Cultures and Media—Cultures of Lactobacillus arabinosus 17-5, L. caset, 
L. delbrueckii 3, L. fermenti 36, Leuconostoc mesenteroides P-60, and Strepto- 
coccus faecalis R were carried as stab cultures in yeast extract-glucose- 
agar. Inocula were grown by transfer from these to a complete liquid 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation, and the 
Schenley Research Foundation. We are indebted to Dr. N. H. Horowitz for generous 
samples of L-canavanine sulfate (isolated from jack bean meal) and for access to his 
results on canavanine inhibition of Neurospora preliminary to their publication. 
Dr. H. J. Teas kindly furnished a sample of L-canaline picrate, prepared from cana- 
vanine. This was converted to the sulfate before use. 

t Member of the staff of the Daniel Sieff Research Institute, Weizmann Institute 
of Science, Rehovoth, Palestine. 

1 We are indebted to Dr. J. Lederberg and Dr. E. L. Tatum for cultures of these 
organisms. 
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semisynthetic medium similar in composition to that of MacLeod and Snel] 
(2) but with two-thirds of the enzymatically digested casein replaced with 
acid-hydrolyzed casein. For L. fermenti 30 y of extra thiamine were added 
per 10 ec. After 24 hours incubation, cells were centrifuged and resys- 
pended in 10 cc. of sterile 0.9 per cent sodium chloride solution. This heavy 
suspension was diluted 1:10 with sterile saline, and 1 drop of this dilute 
suspension was used to inoculate each experimental culture of 2 cc. For 
assay, the medium of Henderson and Snell (3), with arginine omitted, was 
used. For L. fermenti, this medium was modified by replacing the sodium 
citrate with an equal weight of sodium acetate. The initial pH was 6.4. 

Escherichia coli Y109 (the parent strain) and Escherichia coli Y117 (the 
arginine-requiring mutant) were carried as slant cultures on yeast extract- 
glucose-agar. For inoculum, a small amount of surface growth from a 24 
hour culture was suspended to barely visible turbidity in sterile 0.9 per cent 
sodium chloride solution, and 1 drop of this suspension was used to inoculate 
each experimental culture of 2 ce. The basal medium used was that of 
Tatum and Lederberg (4), which contains inorganic salts, glucose, and 
asparagine. 

Additions of arginine, canavanine, and other compounds were made to | 
ec. of the double strength medium, the cultures were diluted to 2 cc. with 
distilled water, capped, autoclaved at 15 pounds pressure for 10 minutes, 
cooled, inoculated, and incubated at 37° for 24 to 38 hours. Cultures were 
then diluted to 10 ce. with water, and turbidities compared visually or quan- 
titatively in the photoelectric colorimeter. 


Results 


Response of Cultures to Arginine and Related Compounds—The effects of 
arginine, citrulline, ornithine, and canavanine on the growth of the various 
test organisms are compared in Table I. Under the conditions used, each 
of these organisms except Escherichia coli Y109 requires arginine or one of 
its precursors for growth. Lactobacillus fermenti and Escherichia coli Y117 
can utilize either ornithine or citrulline in place of arginine; L. arabinosus,; 
L. casei, and L. delbrueckii utilize citrulline, but not ornithine, in place of 
arginine. Finally, organisms such as Streptococcus faecalis and Leuconostoc 
mesenteroides utilize neither ornithine nor citrulline, but require preformed 


2 Lyman et al. (5) reported that their culture of Lactobacillus arabinosus did not 
require arginine for growth when the medium contained ample vitamin Be, and the 
carbon dioxide tension was raised. Under conditions used in this work, no growth 
occurred without arginine or citrulline during 48 hours of incubation. On prolonged 
incubation, however, the organism eventually grew without added arginine, and by 
subculturing from such a culture, a strain of Lactobacillus arabinosus was readily 
derived which grew rapidly without either ornithine, citrulline, or arginine. 
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arginine. Such data indicate that arginine synthesis in lactic acid bacteria, 
as in Neurospora (6), occurs via the ornithine cycle, and that an apparent 
requirement for arginine may result from loss of ability to catalyze any one 
of the several consecutive reactions involved in, or preceding, this cycle. 
None of the organisms could effectively utilize canavanine in place of 
arginine, although high levels of this compound permitted very slight 
growth of Leuconostoc mesenteroides, Streptococcus faecalis, and Lactobacillus 
fermenti. The growth-promoting activity here was considerably less than 
| per cent of that of arginine, and may possibly result from the presence of 
traces of arginine as an impurity in the canavanine. As appears from the 


TABLE I 


Comparative Effects of A rginine and Related Compounds on Growth* of Bacteria in 
Arginine-Free Media 











| a Additions, t amount per 2 ee. 
‘ye r | | Pe 
Organism pt-Or- | pt-Cit- L-Arginine | 1-Cana- eng orm 
None | nithine, | rulline, vanine, | naan 
my | me eS) ee Pee 
| 1007 | 107 | Y 
L. arabinosus ; — pom +++ +++) + ‘ie = 
rere | — | eee) eH lS 
“ delbrueckit ¥ — = oft | bo de fi te 
* fermentt. . ~ pet | tt | ttt | ohn ae he 
‘* mesenteroides —_ _ aoe peel + | + +} 
S. faecalis ai aa a ep | + i + 
E. coli Y109 t+] ++ | +4 1 +4 [44+] - | - 
| YG PO i cg ew - - 


| 


*—, no growth; +, barely visible growth; +, easily visible growth; ++, good 
growth; +++, heavy growth. 

t Throughout this table and Tables II and III these compounds were added as 
pL-ornithine- HCI, p-citrulline, L-arginine: HCl, and L-canavanine:}H2SQ,. 


last column in Table I, the growth response of these same three organisms 
was unaffected by excess canavanine. In separate experiments, concentra- 
tions of canavanine sulfate as high as 5 mg. per 2 cc. failed to inhibit the 
growth response of these organisms to 10 y of arginine; indeed, this response 
was enhanced by an amount equivalent to the slight growth obtained with 
the same quantity of canavanine alone. The behavior of these highly re- 
sistant organisms stands in direct contrast with that of the other organisms 
tested. With these, the growth response to arginine was prevented by 
simultaneous addition of sufficient canavanine. Escherichia coli Y109, 
which grows well without added arginine, was likewise inhibited by cana- 
yanine. 
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Further experiments were conducted with each of the organisms inhibited 
by addition of canavanine. Similar findings were made in each case; the 
inhibitory effects of canavanine were alleviated by addition of increased 
amounts of arginine. Only illustrative data, obtained with organisms of 
different types, will be given below. 

Fig. 1 shows how growth of Escherichia coli Y109 is affected by variation 
of the concentration of arginine and canavanine. This organism grows 
maximally in the absence of arginine. In the absence of canavanine, addi- 
tions of arginine do not affect growth. Less than 100 y of canavanine 
sulfate per 2 ec. of medium completely prevent growth; simultaneous addi- 
tion of increasing amounts of arginine hydrochloride permits growth even 
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Fic. 1. Effect of concentration of arginine and canavanine on growth of Es 
cherichia coli Y109. Curve 1, no canavanine. Curves 2, 3, and 4 obtained with 100, 
200, and 1000 y of canavanine sulfate respectively per 2 cc. 


in the presence of large amounts of canavanine. The inhibition is competi- 
tive in nature; the ratio of canavanine to arginine which permits half maxi- 
mum growth (galvanometer reading of 75) is 10:1, 12.5:1, and 10:1 
respectively, at the three increasing levels of canavanine. 

In Fig. 2, the effect of additions of arginine hydrochloride and canava- 
nine sulfate on growth of the arginine-requiring mutant of Escherichia coli 
Y117 isshown. Here again canavanine inhibits growth, and the inhibition 
is alleviated by additional arginine. In this case, the ratio of canavanine 
to arginine which permits half maximum growth (galvanometer reading of 
60) is approximately 23:1 at the lower concentration of canavanine (1000 7 
per 2 cc.) and only 8:1 at the higher (2000 y per 2 cc.). Thus, in this in- 
stance, arginine is less effective in counteracting canavanine inhibition as 








the 


repe 

E: 
max’ 
not | 
The 
argir 
how 
(Cur 
stral 
inhil 


F 
chert 
and | 


the 
ginil 
and 
very 
prey 
of tl 
(cf. 
E 
van 
case 
Esel 
pro! 











B. E. VOLCANI AND E. E. SNELL 897 


the concentration of the latter is increased. This behavior was noted 
repeatedly. 

Escherichia coli Y117 requires about 30 y of arginine per 2 cc. to permit 
maximum growth (Curve 1, Fig. 2); addition of 2000 y of canavanine does 
not completely prevent growth at this level of arginine (Curve 3, Fig. 2). 
The parent strain of Escherichia coli Y109 grows maximally without added 
arginine, since it synthesizes this amino acid. In the absence of arginine, 
however, less than 100 y of canavanine completely inhibits its growth 
(Curve 2, Fig. 1). At equivalent levels of growth, therefore, the parent 
strain, which synthesizes its own arginine, is much more sensitive to the 
inhibitor. This is to be expected, since the inhibition is dependent upon 
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Fic. 2. Effect of concentration of arginine and canavanine on growth of Es- 
cherichia coli Y117. Curve 1, no canavanine; Curves 2 and 3, obtained with 1000 
and 2000 7 of canavanine sulfate respectively per 2 cc. 


the ratio of the concentrations of arginine and canavanine. In the ar- 
ginine-synthesizing culture, the arginine is utilized for growth as formed, 
and presumably never accumulates in excess. Its concentration is always 
very low, and hence relatively low concentrations of canavanine suffice to 
prevent growth. When arginine is added to the medium, the sensitivity 
of the parent and mutant strain to canavanine inhibition is very similar 
(cf. Curve 4, Fig. 1, and Curve 3, Fig. 2). 

Each of the lactic acid bacteria whose growth was inhibited by cana- 
vanine (Table I) was investigated in more detail. The findings in each 
case were similar to those recorded above for the arginineless mutant of 
Escherichia coli. In Table II, the arginine concentrations necessary to 
promote equal growth in the absence and in the presence of various levels 
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of canavanine are compared. These and many other data not tabulated 
show that the ratio of canavanine to arginine required to reduce growth to 
a given level is not constant at various levels of canavanine, but decreases 
as the canavanine level increases. As the concentration of canavanine is 
increased, relatively more arginine is required to overcome its inhibitory 
action. The explanation for these inconstant ratios is not yet known. _ 

From day to day, considerable variation in the inhibition index at any one 
level of canavanine was seen. Previous experiments (7) with analogues 
of pantothenic acid showed that increasing the time of incubation decreased 
the effectiveness of the inhibitor; 7.e., increased the inhibition index. 
This was true also in the present case. A more important factor leading 


TaBLeE II 
Comparative Arginine Concentrations Required by Various Lactic Acid Bacteria for 
Equal Growth in Presence and Absence of Canavanine* 


Organism Canavanine sulfate \rginine hydrochloride oui arginine 
¥ per 2 cc. 7 per 2 ce. 
Pea ae ER ea ee 0 5 
150 10 15:1 
‘© arabinosus....... ee 0 8 
1500 500 3:1 
{000 4000 i 
we | 0 10 
1000 2000 0.5:1 
1000t 200F §:1f 


* The growth levels selected for comparison are the same with any one organism, 
but vary from one organism to another from about one-fourth to one-half of maxi- 
mum growth (24 hours). 

t This experiment was conducted in parallel with the one immediately above, but 
a 3-fold heavier inoculum was used. 


to variation was the size of the inoculum. The last two lines of Table II 
compare the results obtained in parallel assays with Lactobacillus del- 


brueckit when the inoculum was varied over a 3-fold range. With the ' 


larger inoculum, the inhibitory properties of canavanine at this concen- 
tration have been very considerably decreased. 

Effect of Precursors of Arginine on Canavanine Inhibition From Table 
I it is evident that citrulline and ornithine serve as precursors of arginine, 
Their effect on the inhibitory properties of canavanine was therefore de- 
termined. Results obtained with Escherichia coli Y109 are shown in 
Table III. It is seen by inspection that citrulline and ornithine are ap- 
' proximately equally effective in counteracting canavanine inhibition, but 
are only about one-twentieth as active in this capacity as arginine. En- 
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tirely similar data were obtained with Escherichia coli Y117, which re- 
quires one of these three compounds for growth. For this latter organism, 
pi-citrulline and pL-ornithine hydrochloride were 0.78 and 0.83 as active, 
respectively, as L-arginine hydrochloride in promoting growth. In alle- 
viating canavanine inhibition, however, each was less than one-eightieth 
as effective as arginine. 

The effectiveness of canavanine in inhibiting arginine utilization sug- 
gested that canaline might show a similar relationship to ornithine utiliza- 
tion. This amino acid* was consequently tested (a) for its ability to re- 
place ornithine in promoting growth of Escherichia coli Y117 and Lacto- 
bacillus fermentt, and (b) for its ability to inhibit growth of E. coli Y109 


TABLE III 


Comparative Effectiveness of Arginine, Citrulline, and Ornithine in Overcoming 
Inhibition of Escherichia coli Y109 by Canavanine 


L-Arginine pL-Ornithine 


pt-Citrulline 





hydrochloride hydrochloride 
Galvanome Galvanome- Galvanome- 
ter reading* ter reading* ter reading* 
y per 2 cc. y per 2 cc. y per 2 cc. 
No canavanine present 0 55 0 55 0 55 
200 55 500 55 1000 55 
200 y canavanine sulfate 0 95 0 95 0 95 
per 2 cc. 3 93 20 91 20 88 
10 82 100 85 100 78 
20 71 200 8] 200 75 
50 61 500 68 400 67 
100 55 1000 62 
200 56 
* Arbitrary scale; distilled water = 100, uninoculated medium = 95. 


and to prevent the response of E. coli Y117 and Lactobacillus fermenti to 
minimum levels (10 y per 2 cc.) of ornithine. It showed no activity in 
either capacity in amounts up to 1 mg. per 2 ec. Another analogue of 
ornithine, a-amino-6-hydroxyvaleric acid, was synthesized as described 
by Sgrensen (8), and similarly tested. It showed neither growth-promoting 
nor growth-inhibiting properties in amounts up to 4 mg. per 2 ce. 


DISCUSSION 


That Neurospora synthesizes arginine via reactions of Krebs’ ornithine 
cycle has been shown by the careful investigations of Srb and Horowitz 
* Because of possible lability of this hydroxylamine derivative to autoclaving 


with the medium, it was filtered and added aseptically to the previously sterilized 
medium for these tests. 
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(6). It is interesting that the same enzymatic deficiencies induced in 
Neurospora by artificial production of mutants are found to occur naturally 
in various lactic acid bacteria. Thus representatives of these organisms 
have been found (Table I) whose requirement for arginine can be met by 
ornithine, citrulline, or arginine; by citrulline and arginine, but not orni- 
thine; and by arginine only. Apparently arginine synthesis in the lactic 
acid bacteria, too, proceeds via this same series of reactions, illustrating 
anew the essential similarity of the synthetic mechanisms in different forms 
of life. 

For none of the bacteria studied is canavanine able effectively to replace 
arginine for growth. Its structural similarity to arginine is reflected. 
however, in the fact that it inhibits utilization of arginine by many of these 
organisms. The competitive nature of the inhibition further indicates 
that inhibition results from the combination of canavanine with cellular 
constituents normally involved in arginine metabolism. Perhaps in or- 
ganisms such as Streptococcus faecalis which are extremely resistant to 
inhibition by canavanine the structural features required for such combina- 
tion are not fully met by canavanine. It is known, for example, that cana- 
vanine is a much weaker base than arginine (9). Perhaps, as suggested 
by Horowitz and Srb (1), such resistant organisms are able to detoxify 
the inhibitor. In this latter connection, the presence of arginine dihy- 
drolase in Streptococcus faecalis and other streptococci of Group D (10), 
and its possible occurrence in other canavanine-resistant organisms, sug- 
gests a mechanism by which the inhibitor might be decomposed. The 
action of this enzyme on canavanine is not known; the latter is, however, 
split by a liver enzyme (probably arginase) to yield canaline (11). That 
such cleavage would in fact detoxify canavanine is shown by the observed 
inactivity of canaline as an inhibitor. 

In contrast to many antimetabolites, such as those of pantothenic acid 
(7, 12), which are effective inhibitors only for organisms which do not 
synthesize the corresponding metabolite, canavanine inhibits organisms 
which synthesize their own arginine as well as those which require pre- 
formed arginine. It resembles in this respect the sulfonamides and certain 
other amino acid inhibitors, such as 6-2-thienylalanine (13) and hydroxy- 
aspartic acid (14). It is not necessary, however, to assume a fundamentally 
different mode of action for these two classes of inhibitors. According 
to present concepts, the antimetabolite and its corresponding metabolite 
compete for an enzyme involved in the further transformation of the 
metabolite. To permit such competition the metabolite must be present 
in a free and diffusible form. Where an antimetabolite functions against 
cells which synthesize the metabolite, it may be assumed that the metabolite 
normally appears in free and diffusible form in the cell preliminary to 
utilization in the process which the inhibitor affects. In those cases i 
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which the antimetabolite is ineffective against cells which synthesize the 
metabolite, this apparently is not true. 

Horowitz and Srb (1) found that lysine was also effective in alleviating 
eanavanine inhibition of Neurospora. With the organisms used here, 
lysine was ineffective; mixtures of lysine and arginine were no more effec- 
tive than would be predicted from their arginine content. 

It was pointed out above that, at equivalent levels of growth, Escherichia 
coli Y109 (which synthesizes its own arginine) was much more readily in- 
hibited by canavanine than was Escherichia colt Y117, for growth of which 
arginine (or a precursor) must be supplied. However, the two organisms 
showed similar sensitivity to canavanine when supplied with equal amounts 
of arginine. Reasons for such behavior were discussed above. It should 
be expected, on this basis, that arginine precursors, such as citrulline and 
ornithine, would be much less effective than arginine in preventing cana- 
vanine inhibition, and this was observed in all instances tested. These 
observations are thus consistent with previous conclusions (e.g. (14)) that 
precursors of a metabolite are generally less effective than the metabolite 
itself in preventing inhibition of growth by an antimetabolite. All of our 
data support the conclusion that inhibition of growth by canavanine results 
from its interference in the utilization of arginine for various synthetic 
reactions, presumably the synthesis of cell proteins. 


SUMMARY 


The specificity of the arginine requirement of a number of lactic acid 
hacterla was examined. Some grew only when arginine was supplied, 
others with either arginine or citrulline; still others could utilize ornithine, 
citrulline, or arginine. None of the bacteria tested could effectively use 
canavanine in place of arginine. Similarly, canaline did not replace 
ornithine for those organisms which utilize the latter amino acid. 

For some, but not all, of the bacteria tested canavanine was an effective 
growth inhibitor. This was true both for organisms which synthesize 
arginine, and for those which require this amino acid preformed. For 
both types of organisms, inhibition by canavanine was competitively allevi- 
ated by arginine. In many instances, the ratio of canavanine to arginine 
at which a given level of growth was observed was not constant, but de- 
creased as the concentration of canavanine was increased. The magni- 
tude of this ratio was markedly dependent upon the size of the inoculum. 
For organisms which utilized them for growth, citrulline and ornithine 
showed limited effectiveness in counteracting canavanine inhibition; they 
were, however, much less effective than arginine. Lysine was ineffective. 

Canaline and a-amino-6-hydroxyvalerie acid did not inhibit utilization of 
ornithine by the organisms tested. 

The significance of these various results is discussed briefly. 
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THE DETERMINATION OF ACETONE AND KETONE BODIES 
By DAVID LESTER anp LEON A. GREENBERG 
(From the Laboratory of Applied Physiology, Yale University, New Haven) 


(Received for publication, April 14, 1948) 


We have received several inquiries concerning the reproducibility of 
results with the method described by us for the determination of acetone 
and ketone bodies (1). Since, in our hands, the results had always been 
reproducible, an investigation was made to determine the cause of the 
difficulties encountered by our correspondents. 

The method depends on the constancy of the distribution of the 2,4- 
dinitrophenylhydrazone of acetone between an acid solution and carbon 
tetrachloride. If equilibrium is not attained, the final results will not be 
reproducible. Equilibrium is not consistently attained if the extracting 
solvent, carbon tetrachloride, does not form an emulsion with the acid 
solution of the hydrazone. To this end, vigorous shaking must be em- 
ployed in a container whose volume is at least twice that of the solution 
and solvent. We recommend a glass-stoppered (standard taper 12/40) 
test-tube of 17 cm. over-all length with an outside diameter of 2 em. for 
the extraction. 

Since our original description, we have used the Evelyn colorimeter 
with the small test-tube adapter described by us (2). 

The sensitivity of the procedure is increased if measurement is made at 
the wave-length of the maximum absorption of the 2,4-dinitrophenyl- 
hydrazone of acetone in carbon tetrachloride, 350 mu; the absorption at 
this wave-length is approximately 4 times that at 420 my. 
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THE FATE OF RADIOACTIVE COPPER ADMINISTERED TO 
THE BOVINE* 


By C. L. COMAR, GEORGE K. DAVIS, anp LEON SINGER 


(From the Florida Agricultural Experiment Station, Gainesville) 


(Received for publication, March 25, 1948) 


Recognition of the essentiality of copper for animal life and the avail- 
ability of suitable chemical analytical methods have led to considerable ex- 
perimental investigation of copper metabolism. Cunningham (1) surveyed 
the occurrence of copper in the organs of twelve species of land animals, as 
well as in plants and foodstuffs. Elvehjem (2), in 1935, presented an ex- 
tensive review of the biological significance of copper, and Schultze (3) has 
comprehensively discussed the réle of this element in blood formation on 
the basis of experimental evidence available to 1940. The literature on 
copper in relation to animal health has been reviewed to 1944 by Russell (4). 
Typical investigations based on chemical analysis include balance and tissue 
accumulation experiments with rats (5, 6), analysis of blood copper in 
rabbits and sheep after oral and intravenous administration (7), detailed 
experiments on the excretion of copper by the rabbit (8), and a study of 
liver storage in the rat, rabbit, and guinea pig (9). 

Emphasis has been placed upon work with sheep by workers in the United 
Kingdom and Australia, due to the economic importance of a naturally 
occurring copper deficiency disease in lambs. Sheep, cattle, and goats are 
known to be affected, and while this condition has not been reported for 
horses, it has been observed in foals. A naturally occurring copper de- 
ficiency in cattle has been observed on the muck soils of Florida (10). In 
addition to the usual symptoms of anemia, severe diarrhea, cessation of 
growth, and depigmentation of hair, there was evidence of an abnormal 
bone metabolism as indicated by rickets-like swellings at the long bones of 
the calves and rarefaction of bones in the older cattle. It has been re- 
ported by English workers (4) that the copper deficiency svndrome in cattle 
can be caused by an excess of molybdenum in the forage, and, furthermore, 
that the therapeutic use of copper will protect the animals. Interestingly 
enough, analysis of the forage grown on Florida muck areas has indicated 

* Published with the permission of the Director of the Florida Agricultural Ex- 
periment Station. 


Presented before the Division of Biological Chemistry at the 112th meeting of the 
American Chemical Society at New York, September, 1947. 

The Cu used in this investigation was supplied by the Clinton Laboratories and 
obtained on allocation from the United States Atomic Energy Commission. 
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levels of molybdenum in some cases potentially toxic for livestock; similar 
levels of molybdenum have been reported also in certain areas of California: 
(11). A research program was designed, therefore, to explore the inter- 
relationships of copper and molybdenum and the possible réle of these ele- 
ments in bone metabolism. As a phase of this program, the present paper 
describes procedures for the use of pile-produced Cu® in animal experiments 
and the behavior of copper administered to the normal bovine. 


EXPERIMENTAL 


The most suitable isotope of copper for tracer studies is Cu™, which hag 
a half life of 12.8 hours and emits 8-particles (upper limit 0.58 m.e.v.), 
positrons (upper limit 0.66 m.e.v.), and annihilation y-rays. In 1942 
Schultze and Simmons (12) reported the use of cyelotron-produced Cum 
in studies on nutritional anemia of rats, and demonstrated the reten- 
tion of copper in certain organs as well as the entrance of dietary copper 
into the bone marrow of the rat. Their material was prepared by proton 
bombardment of nickel to yield about 0.5 millicurie with a specific activity 
at time of feeding of about 2 millicuries per mg. In 1943 Schubert ef al. (13) 
followed Cu® after intravenous injection into two dogs; this isotope was 
prepared by deuteron bombardment of copper to yield about 1.7 millicuries 
with a specific activity of about 0.05 millicurie per mg. at the time of in- 
jection. The irradiation unit as removed from the pile has about 100 milli- 
curies activity, and as it reaches our laboratory some 28 hours later will 
contain about 20 millicuries with a specific activity of 0.06 millicurie per 
mg. It may be noted that while cyclotron production of Cu® by trans- 
mutation will yield higher specific activities, the total activity available is 
considerably less than from pile production; from the practical standpoint, 
due to the short half life, this means that, eyclotron-produced Cu® can be 
used only with small animals over relatively short time periods and that the 
experiments must be started soon after conclusion of the bombardment. 

A consideration of estimated costs will emphasize the limitations that 
would be placed on large animals and extended experimentation were it not 
for the availability of pile-produced Cu®; from the values of Schultze and 
Simmons (12) with a conservative estimate of $15 per hour operating ex- 
pense of the cyclotron, the cost per millicurie at the cyclotron would be 
about $150, whereas the corresponding cost at the pile is about $0.25. 

The irradiation unit consists of 0.32 gm. of pure copper wire. The copper 
is removed from the shipping container, immediately dissolved in a small 
volume of 8 N nitric acid, and is then neutralized with 2 N sodium hydroxide. 
A magnetic stirrer is used to provide vigorous agitation during neutrali- 
zation to avoid precipitation of the hydroxide; the solution is adjusted as 
close as possible to neutrality without causing precipitation. Measured 
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amounts are then removed for calibration standards and administration to 
theanimals. Studies have indicated that there is no practical advantage to 
be gained by purification of the irradiation unit. The half life of each 
sample as received was determined and found in good agreement with the 
established value of 12.8 hours. Purification of the copper by extraction 
from acid solution with dithizone did not change the half life. Perhaps of 
most significance were our experiments in which the blood plasma was 
analyzed chemically for copper before and after the administration of the 
radioactive preparation; the increase in plasma copper as determined chemi- 
cally agreed fairly well with the values obtained by activity measurements. 

It was found convenient to make the radioactivity measurements in 
solution with the dipping counter as previously described (14). The mica 
window bell jar type counter was also employed with about equal sensi- 
tivity, in which case a given volume of solution was placed in a standard 
Petri dish directly under the window. Calibration curves were determined 
daily and the measurements were corrected for decay by calculation to the 
nearest curve. It was noticed early in the work that with certain radio- 
copper solutions it was very difficult to get the dipping counter to return to 
background after a measurement. Later observations indicated that when 
the pH was above 4, an adsorption to the glass wall of the counter occurred. 
This indicates that all solutions, both standards and samples, should be kept 
definitely acid to avoid loss by adsorption during the various steps of the 
procedure. 

Since it was desired to handle at least 200 samples in each experiment, the 
ordinary method of dry ashing in a muffle furnace was found too time-con- 
suming. A rapid method of pseudo wet ashing, based on solvent extraction 
of the fat, was developed so that 200 samples could be prepared for measure- 
ment within a few hours. In actual practice, the autopsy of a large animal 
is started at 8 a.m. and the samples are ashed and radioactivity measure- 
ments completed within 16 hours. The procedure is as follows: A repre- 
sentative sample, up to 80 gm., is cut into small pieces and placed in a 400 
ml. beaker, to which 40 ml. of concentrated nitric acid are added. The 
tissue is allowed to soak 10 minutes, after which gentle heat is applied. The 
resulting solution is evaporated to about 15 ml. on a hot-plate and then 
transferred to a steam bath for continued evaporation to remove the acid. 
The residue is washed into a separatory funnel with small amounts of warm 
water. The beaker is rinsed with two 10 ml. portions of isoamyl alcohol 
which are in turn transferred to the separatory funnel. The separatory 
funnel is shaken gently and the two solutions separated and made to volume 
for measurement with the Geiger counter. 

Adequate health precautions were employed, since it was necessary to 
handle 20 millicuries of a y-ray emitter. Radiation-monitoring instru- 
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mentation and protective clothing were used. Operations were arranged to 
be carried out at a distance of about 4 feet from the source, and when it wag 
necessary for personnel to handle the original material at closer range lead 
shielding was used and the time of exposure minimized. All authoritative 
suggestions on health protection applicable to this system, from the 
handling of the original solutions through the measurements and including 
the final disposition of the animal products, were followed implicitly. 


RESULTS AND DISCUSSION 
Excretion of Copper—Yearling bulls, on a normal ration, weighing 
about 350 pounds, were used for the excretion data presented in Table J, 
The copper solution was administered by stomach tube or injected into the 
jugular vein, with the other experimental details as previously described for 
cobalt (15). About 250 mg. of copper were used for oral administration 
and about 100 mg. for the injection. The values given represent the ex- 


TABLE | 
Excretion during 5 Days of Labeled Copper by Cattle in Percentage of Administered Dose 


Administration No. of animals | Feces Urine 
Oral .:-.-2 5. Ps ata ee bere nk 1 75 3 
RR, les Says ns Oks cn neees 3 3 3 


cretions during the 5 days following administration, since the decay of the 
isotope did not allow further observations. The values are probably some- 
what lower than the true total excretions, although previous experience has 
indicated that elimination of most of an unabsorbed element will occur 
within the first 5 days. 

Although only one animal is reported for the excretion of dietary copper, 
values for the gastrointestinal contents from several other animals sacrificed 
after 42 hours indicate that the 75 per cent excretion figure is not out of line. 
This demonstrated that in the bovine the absorption of even soluble copper 
is quite low. Eden (8) reported that when 50 mg. of copper as the sulfate 
were administered to a rabbit by stomach tube about 96 per cent of the dose 
was eliminated in the feces and about 1 per cent in the urine. Houk ef al. 
(6) found that rats on diets of varying iron, copper, and cobalt content re- 
tained from —6.2 to 3.0 per cent of the dietary copper. Lindow et al. (5) 
reported that rats excreted 98 per cent of supplemental dietary copper in the 
feces, although on a normal diet the fecal-urinary ratio was about 2. The 


ratio of fecal to urinary excretion of radioactive copper administered to rats 


in this laboratory averaged about 25, which agrees with the values in Table 
I and is of the same order of magnitude as that reported by Eden for rab- 
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bits. This ratio will depend, of course, upon the total amount and solubil- 
ity of the ingested copper. 

The apparent high retention of intravenously injected copper was quite 
surprising in view of the previous findings with cobalt (15), where over 60 
per cent of the cobalt dose was rapidly eliminated in the urine and over 
30 per cent in the feces. However, this behavior confirms a field experi- 
ment with cattle, which demonstrated that injected copper exhibited a 
much longer period of therapeutic efficiency than did orally administered 
copper. Eden and Green (7) reported that of 3 mg. of copper injected into 
the ear vein of a rabbit about 17 per cent appeared in the urine within 48 
hours, and the remaining 82 per cent in the feces over a period of 4 weeks, 
with most of the fecal excretion occurring during the first 2 weeks. 


TaBLe II 
Partition of Labeled Copper in Blood of Cattle 


Administration Time per ed Peer yrabirs ce 
by plasma 
| per cent per cent 

Intravenous injection. .........| 5 min. 36 63 
- a ee nae 1 hr. 36 3l 

“ - Se ts: 3 hrs. 19 9 

= Lina BeaOn ean ed | 13 12 

sn se Bie ce he : 1 9 13 

ga st ee Sef y- ; ee 7 14 

Py - ee 5 33 

3 | ee ee ie 0.15 39 
ici ea eet we a 0.29 50 


Fate of Copper in Blood Stream—Table II presents data showing the per 
cent of the labeled copper dosage found in the blood and the proportion of 
the labeled copper in the blood which was contributed by the plasma, at 
varying times after administration. The animals described earlier were 
used, and the total blood was calculated as 7.7 per cent of the body weight. 
The blood samples were taken from the jugular vein opposite that used for 
the injection. 

The injected copper was rapidly removed from the blood stream by 
capillary passage through the tissues, as only 36 per cent of the dose was 
found in the blood after 5 minutes; the removal of copper from the blood 
was slower thereafter. It is generally considered (7), at least for sheep and 
cattle, that normal blood copper is equally distributed between the plasma 
and cells. The values in Table II lead to the following picture in regard 
to the behavior of intravenously injected copper. Immediately after 
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injection two processes occur, removal of copper from the plasma by deposi- 
tion in the tissues, and absorption of copper by the red blood cells. The 
first process must occur initially at a much faster rate than the second, 
since at 5 minutes about 64 per cent of the dosage was removed from the 
blood and yet the plasma still contained a greater proportion of the labeled 
copper than did the cells. Between 5 minutes and 1 hour, there was prac- 
tically no removal of copper from the blood; however, the proportion in 
the plasma decreased, which may be taken to indicate a continued accu- 
mulation by the cells during this period. Between 1 and 3 hours there was 
further removal of copper from the blood with the indication that most, if 
not all, of the copper was being removed by the tissues from the plasma. 
From then on, the attainment of equilibrium between the red blood cell and 
plasma copper proceeded at a faster rate than removal of copper from the 
blood. However, even after 44 hours normal distribution was not attained, 
The data show that such large deviations from the normal distribution do 
not occur when the copper is absorbed from the tract. The accumulation 
of copper in the red blood cells is not simply a heavy metal adsorption; 
otherwise the same behavior would be expected with cobalt, and in similar 
previous work (15) no cobalt was detected in the cells. These findings 
agree in general with those of Eden and Green (7), who used chemical 
analytical methods with rabbits and sheep, and with those of Schubert 
et al. (13), who employed radioactive copper with dogs. 

Tissue Distribution of Copper in Bovine—Table III shows the tissue dis- 
tribution of labeled copper injected into a 2 year-old bull and orally admin- 
istered to a young bull calf and another 2 year-old bull. The procedure 
for the slaughter of the animals and the handling of the tissues has been 
described earlier (15). 

Considering the distribution of the ingested copper, it is evident that, 
although the retention by the animal is low, the copper which is absorbed 
is generally distributed and does reach the tissues involved in hematopoiesis. 
The tissues showing a high concentration were, in decreasing order, the 
liver, kidney, gastrointestinal tract, adrenals, thymus, and gallbladder and 
bile; those of medium concentration include the pancreas, red bone marrow, 
intestinal lymph, blood, spleen, heart, lung, and reproductive organs; very 
low concentrations of copper were found in the white bone marrow, muscle, 
hide, bladder, ligament, cartilage, bone, eye, and nerve tissue. It must 
be remembered that in some cases negative results will be due in part to the 
small sample available. It is obvious that the liver, which shows the 
highest concentration, serves as the chief storage organ. The kidney 
invariably has the next highest concentration, and in the adult bovine the 
ratio of liver to kidney accumulation averages about 5; in tissue dis- 
tribution studies with rats sacrificed after 17 to 65 hours, we have found 
the concentration of labeled copper in the kidney to exceed that in the liver, 
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Mode of administration 
Age and weight of animal 
Actual dosage, mg. Cu.... 
Sacrificed after, Ars.... 


Pituitary 

Thyroid 

Thymus 

Adrenals 

Reproductive organs 

Cerebrum 

Cerebellum 

Eye 

Intestinal lymph glands 

Heart 

Blood 

Aorta 

Lung 

Trachea 

Kidney 

Bladder 
*e urine 

Tongue 

Esophagus 

Fundus abomasum, mucosa 
“ ‘¢ muscular 

mucosa 

muscular 

Abomasum contents 

Reticulum 

Omasum 


“ce 


Pyloric " 


“ce ce 


contents 
Rumen 
and reticulum 
contents 
Duodenum, mucosa 
ws muscular 
Jejunum, mucosa 
= muscular 
Tleum, mucosa 
** muscular 
Small intestine contents 
Large gia 


cé if 9 


mucosa 
muscular 


a i contents 


| 
| 
| 
| 
| 
| 
| 
| 
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Tissue Distribution of Labeled Copper Administered to Cattle 








Oral Oral Jugular injection 
1} mos., 85 Ibs. 18 mos., 450 lbs. | 18 mos., 460 lbs. 
146 256 | 160 
42 42 | 19 
| 
dances | Pe cent of | an fresh | Pe ent of | groan | Pep cent of 
[weight per whole ae | vho oped whole 
| cue | tissue dosage tissue p tien | tissue 
* 190 . | | 35 | 0.00059 
* | =| | 17 | 0.0046 
32 | 0.032 3 0.0067 19 | 0.024 
48 | 0.0015 3 | 0.00045} 28 | 0.0033 
5 | 0.0017 1 | 0.0058 8 | 0.056 
dad . | 1 | 0.0020 
33 0.008 * | 2 | 0.0016 
* 0 | 6 | 0.0042 
13 3 | 29 
8 0.019 1 0.012 | 11 | 0.088 
10 | 0.29 2 0.25 | 60 | 9.4 
* 0 3 | 0.0019| 23 | 0.013 
8 | 0.037 1 | 0.022 | 66 | 0.96 
7 | 0.0031 + | | 10 | 0.021 
71 | 0.10 9 | 0.04 | 150 | 0.72 
{ 0.0013 1 | 0.007 | 20 | 0.014 
69 | 0.0066 17 | 0.040 | 29 | 0.010 
6 | 0.011 2 | 0.015 10 | 0.068 
3 0.0012 2 | 0.0059} 14 | 0.029 
42) 6) | | 
13 3 - 10 
44y | 0-042 on 0.032 93 | 0-15 
9) | ae 12 
100 | 0.12 39 0.57 2 | 0.023 
17 | 0.011 | 4 0.025 28 | 0.15 
100 | 0.075 | 8 0.046 130.16 
690 | 0.38 61 2.0 * 
13 | 0.033 2 | 0.055 ” ‘hes 
310 | 7.8 | 40 | 11 * 
| | | 
<2 | 10) | 51| 
7 ee. 20; 
ist | 0.38 | ar | 0.097 1 | 0.28 
32) | 4 20 
14) 18| 
50 | 0.21 70 2.2 6 0.15 
is 0.10 y 0.12 a (18 
310 | 0.67 750 | 29.1 18 | 0.6 
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Mode of administration............ Oral Oral Jugular injection 
pg er ago — nanas tread a 85 lbs. | aa 450 lbs. sees 460 lbs, 
Sacrificed after, ArS..............:. 42 | 42 19 
pore | Pep cent ot| ze 00 Per cent of zpe; | Per cent of 
eo “_ whole a | whole |* ae oe | pcg 
dosaze tissue dosage Ussue s salon tissue 
Pancreas 17 | 0.0074 2 | 0.0024 87 | 0.21 
Spleen 9 0.012 3 |, 0.015 43 | 0.20 
Liver | 1090 7.0 41 1.0 1130 (32.6 
Gallbladder and bile | 97 0.0056 | 2 | 0.0036} 190 | 0.1 
Tenderloin muscle | 6 = 
Gastrocnemius muscle | " as 4 
Ligament | 5: 1 11 
Cartilage a “i 7 
Bone | ae : . 
Red bone marrow (ribs) 15 | 2 51 
White bone marrow 9 ” 21 
(long bones) | | 
Teeth | ra * 
Hide a. | 1 9 


+ represents micrograms of Cu. 
. No radioactivity detected in sample. 


which points to a species difference and confirms the results of Schultze 
and Simmons (12). With rabbits, the liver-kidney ratio of labeled copper 
has ranged from 13 to 30. 

Chemical analysis has shown that the livers of very young animals are 
especially high in copper and that a calf is born with a copper concentration 
in the liver of 4 to 8 times that in the liver of the adult; the data in Table 
III confirm this selectivity and indicate that it persists at least through the 
first 14 months of life. In comparing the values from the young and the 
adult animals, it is better to use the percentage of dose figures, since the 
concentrations are affected by the body weight. It is noted that except for 
the liver the percentages of dose found in the various tissues are in close 
agreement; this indicates that the liver of the calf actually exhibits a greater 
selective accumulation of the absorbed copper. 

The injection values in Table ITI were obtained from an animal of approx- 
imately the same weight as the adult receiving the copper orally, and, 
therefore, in this case both the concentration and percentage dose values 
are comparable. In general, the injection tissue values are about 10 times 
the corresponding ingestion values, which again reflects the poor absorption 
of the orally administered copper. The proportional distribution of the 
injected copper was similar to that of the ingested copper. 
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Since it is recognized that the gastrointestinal tract has an important 
hematopoietic function, particular attention has been paid to the accumula- 
tion of copper in the true stomach and intestinal mucosa. It may be noted 
from Table III that in all cases the mucosal was greater than the muscular 
concentration; negative values for the duodenum were due in part to the 
small sample available. The ratio of mucosal to muscular concentration 
averaged 2.7 for the ingested and 2.8 for the injected copper. When the 
copper was injected, the accumulation in the mucosa probably occurred 
via the general circulation, since it has been shown that relatively small 
amounts of copper reach the intestinal contents during the 24 hours follow- 
ing injection. In the case of the true stomach particularly, it would seem 
unlikely that the mucosal accumulation of the injected copper could have 
come from the contents. It is considered, then, that the gastrointestinal 
mucosa does concentrate copper from the general circulation, but an esti- 
mate of the extent of secretion into the lumen must await bile and pan- 
creatic fistula studies. 

To date, fifteen cattle have been used for studies with copper as reported 
here; there has been general agreement, and for brevity only results from 
representative individuals have been presented. The normal behavior of 
copper in the bovine, as herein described, is considered a basis for the study 
of deficiency and abnormal conditions. 


SUMMARY 


Procedures are described for the use of pile-produced Cu® in studies with 
large as well as small animals. The results are in general agreement with 
such findings as are available in the literature. 

Only a small proportion of orally administered copper is absorbed by the 
bovine; yet that which is absorbed reaches practically every tissue. Intra- 
venously injected copper is generally distributed and highly retained at 
least during the Ist week after administration. 

Immediately following intravenous injection, copper is rapidly removed 
from the plasma by the tissues and is more slowly accumulated by the red 
blood cells. The red blood cell copper is more tenaciously retained than 
the plasma copper as far as removal by the tissues is concerned, although 
equilibrium between the plasma and red blood eell copper is eventually 
approached. 

During the first 1} months of life the liver of the calf exhibits a greater 
selective accumulation of absorbed copper than is observed with the older 
animal. 

Tissue accumulations of orally administered and intravenously injected 
copper are presented and discussed. 
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Clinically, the antagonistic actions of the hormones of the anterior pitui- 
tary and of the islands of Langerhans of the pancreas have been well docu- 
mented. Davidoff and Cushing (1) reported that the incidence of diabetes 
in acromegalic patients was 12 per cent in their series and 35 per cent in 
Borchard’s series as compared with 0.5 per cent in the general population 
(2). Basophilic adenomas of the pituitary are also accompanied by hyper- 
glycemia and insulin resistance (3, 4). Conversely, hypoglycemia and 
extreme insulin sensitivity are cardinal features of the hypopituitary 
state (4). 

Physiological experiments by Houssay (5) and Geiling (6) have shown 
antagonistic action of pituitary extract and insulin. Houssay discovered 
that the removal of the anterior pituitary gland suppressed the diabetes of 
the pancreatectomized animal and that the subsequent injection of the 
anterior pituitary extract caused hyperglycemia to reappear. Houssay 
(5) and Geiling e¢ al. (6) have demonstrated that pituitectomized dogs are 
very sensitive to the hypoglycemic effects of insulin. 

By in vitro studies with isolated diaphragm muscle of the rat, Gemmill 
(7, 8) has demonstrated that insulin increased glucose disappearance from 
the medium and glycogen synthesis in the isolated diaphragm. Stadie and 
Zapp (9) and Corkill and Nelson (10) have confirmed this. Corkill and 
Nelson also reported that the antecedent injection of anterior pituitary 
extract intraperitoneally in rats prevented the insulin effect on the glucose 
utilization and glycogen synthesis. 

Cori (11), studying the effect of purified muscle hexokinase upon the 
phosphorylation of glucose, reported that insulin had no direct accelerating 
| effect on this reaction. However, whereas anterior pituitary extract in- 
hibited the hexokinase reaction, insulin abolished this anterior pituitary 
| inhibition. He concluded that he could not demonstrate a direct action of 
insulin on the hexokinase reaction but that insulin did counteract the in- 
hibiting action of anterior pituitary. This action of insulin failed to explain 
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the extreme insulin sensitivity of the hypophysectomized animal. Cori, 
therefore, suggested that insulin might also have a direct stimulatory effect 
on some other enzyme reaction. 

Since the first step in glucose utilization, the hexokinase reaction, is irre- 
versible, Krahl and Cori (12) stated that it should be the rate-determining 
step for glucose uptake by the diaphragm. In order to extend their studies 
of the action of insulin on the hexokinase reaction to intact muscle, they 
utilized Gemmill’s technique in their study of the diaphragms of normal, 
diabetic, and adrenalectomized rats. 

Stadie (9), discussing the implications of Cori’s data, stated “‘if the action 
of insulin is solely to release the inhibitory action of anterior pituitary ex- 
tract on the hexokinase reaction, no effect of insulin in vitro should be found 
when diaphragms from hypophysectomized rats are used.” Stimulated by 
previous work in Stadie’s laboratory and by this statement, one of us 
(M. P.) repeated Gemmill’s experiments with normal rats and rats 4 to 5 
days after hypophysectomy. Both the glucose disappearance from the 
medium and the glycogen synthesis by the isolated diaphragm were 
measured. 


Methods and Materials 


Animals—All the rats were females of the Hisaw strain, weighing between 
125 and 175 gm. when killed. The animals were fed Purina dog chow ad 
libitum in the first series. In the second experiment, the rats were tube-fed 
10 ml. of a fluid food mixture per day for 3 to 4 days before they were 
killed. The fluid mixture contained 0.6 gm. of Cellu flour, 0.02 gm. of 
Phillips and Hart Salts 4,! 0.5 gm. of dried yeast, 0.8 gm. of casein, 1.8 gm. 
of starch, 0.75 gm. of dextrin, 0.7 gm. of sucrose, 1 ml. of Mazola oil, and 
water to a final volume of 10 ml. 

The normal rats were fasted for 24 hours before the experiment and the 
pituitectomized rats were fasted for 18 hours. 

All pituitectomies were performed by one of us (R. O. G.) using the 
parapharyngeal approach. The completeness of the pituitectomy was 
confirmed by postmortem examination of the sella with the aid of a dissect- 
ing microscope. 

Experimental Methods—The rats were stunned by a blow on the head and 
then decapitated. The diaphragms were removed according to the descrip- 
tion of Stadie and Zapp (9). One-third of each hemidiaphragm was used 


to determine the initial glycogen content of the diaphragm. The rest of the 


hemidiaphragms were placed in Warburg vessels which had been kept at 4°. 
The large compartment of each vessel contained 2 ml. of Krebs’ Ringer 


1 Hegsted, D. M., Mills, R. C., Elvehjem, C. A., and Hart, E. B., J. Biol. Chem., 
138, 460 (1941). 
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phosphate solution (pH 7.4) with either 0.3 or 0.1 per cent glucose. 0.2 ml. 
of 1 N NaOH was placed in the center well to absorb the respiratory CO». 
To remove the phenol, used as a preservative in commercial crystalline 
insulin solutions, the insulin was subjected to isoelectric precipitation. 
0.001 n NaOH was added to the commercial insulin, drop by drop, until 
a dense cloud appeared. The tube was then spun at 4000 revolutions per 
second for 15 minutes. The clear supernatant was decanted and tested for 
residual insulin by the addition of more NaOH and the 0.001 N HCl. If no 
further cloud appeared, the supernatant was discarded. The precipitate 
was dissolved in distilled water by the addition of a few drops of NaOH to 
bring the pH to 7.0. The concentrated insulin solution contained 60 units 
perml. Just prior to the experiment, the concentrated solution was diluted 
1:100 with distilled water. 0.033 ml. of this dilute solution was added to 
the main compartment of alternate Warburg flasks. The final concentra- 
tion of the insulin in the medium was thus 0.01 unit per ml. These small 
quantities of insulin were used because the concentrations were closer to the 
normal concentration of serum and because previous experiments had dem- 
onstrated that the insulin effects with this low concentration were similar 
to those produced by 0.5 to 1 unit of insulin per ml. 

The Warburg vessels, containing the diaphragms in the medium, were 
gassed for 3 minutes with 100 per cent oxygen and then placed in a Warburg 
water bath at 38°. The flasks were shaken at a rate of 68 times per minute. 
After an incubation period of 2 hours, the vessels were removed from the 
bath. The diaphragms were immediately removed and placed in 1 ml. of 
30 per cent KOH solution. | ml. of the residual medium was pipetted into 
flasks containing ZnSO, for a Somogyi precipitation prior to glucose 
analysis. 

Glycogen was analyzed by the method of Good, Kramer, and Somogyi 
(13). The protein in the media, at the end of the experiment, was precipi- 
tated by the method of Somogyi (14). The glucose was determined by a 
modification of Benedict’s method (15). 


Results 


The amount of glucose disappearing from the medium and the amount of 
glycogen in the diaphragms are expressed as mg. of glucose per 100 mg. of 
wet diaphragm per 2 hours of incubation. 

The glucose concentration of the medium in the first series of experiments 
was 0.3 per cent and in the second it was 0.1 per cent. 

Diaphragms from Normal Rats in 0.3 Per Cent Glucose Medium—The 
mean amount of glucose utilized without insulin was 0.64 mg. per cent and 
0.99 mg. per cent with insulin; the insulin effect was 0.35 mg. per cent (55 
per cent increment). The glycogenesis without insulin was 0.30 mg. per 
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cent and 0.60 mg. per cent with insulin; the insulin effect was 0.30 mg. per 
cent (100 per cent increment) (Table I). 

Diaphragms from Pituitectomized Rats in 0.3 Per Cent Glucose Medium 
The mean amount of glucose utilized without insulin was 1.06 mg. per cent 
and 1.66 mg. per cent with insulin; the insulin effect was 0.60 mg. per cent 
(57 per cent increment). The mean glycogenesis without insulin was 0.30 


TABLE | 
Glucose U ptake and Glycogenesis by Diaphragms of Normal Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was 0.3 per cent. The vessels were incubated at 38° for 2 hours. The 
glucose uptake and glycogenesis are expressed as mg. of glucose per 100 mg. of wet 
weight of diaphragm. 


Glucose uptake Initial Glycogenesis 
Rat No. ’ ES ; —}| glycogen ; 
Without | With | content | Without With 


mut | With Insuli Vithout With 
insulin | insulin nsulin effect insulin insulin 


Insulin effect 





l 0.13 0.28 | 0.55 0.27 
2 0.06 0.32, 0.76) 0.44 
3 0.17 0.19 0.52 0.38 
4 0.14 0.30 0.54! 0.24 
5 0.13 0.19 0.68 0.49 
6 0.94 | 1.29} 0.35 
7 0.50! 0.83 | 0.33 
8 0.63 | 1.02} 0.39 
9 0.71 | 1.24] 0.53 0.26 0.23 0.68 0.45 
10 0.34! 0.83 0.49 0.16 0.26 | 0.47! 0.21 
11 0.56! 0.77) 0.2 0.16 0.30} 0.51 0.21 
12 0.89 1.07; 0.18 0.04 0.41 | 0.55) 0.14 
13 0.58 0.83 0.25 0.07 0.39 0.51 0.12 
14 0.10 0.51} 0.84 0.33 
Mean....... 0.64 0.99 0.35 (55%) | 0.13 0.30 | 0.60 | 0.30 (100%) 
Se aes +0.043 | +0.04 


ie Rae Sees 8.1 7.5 


mg. per cent and 0.51 mg. per cent with insulin; the insulin effect was 0.2! 
mg. per cent (70 per cent increment) (Table IT). 

The pituitectomized rats in this series were fed ad libitum postoperatively. 
On the 4th and 5th day postoperatively, they were killed. All of the eleven 
rats ate poorly and lost some weight. Three of these were almost moribund 
on the day of the experiment. 

The sella turcica was examined post mortem only in Rats7 to 11. About 
one-quarter of the pituitary (posterior lobe) was found in the sella of Rat 8. 
The other four sellae contained no pituitary tissue. 
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By tube feeding both the control and the pituitectomized animals and 
by decreasing the glucose content of the medium in the Warburg vessels 
from 6 to 2 mg., two undesirable experimental features of the preceding 
experiments were eliminated. These were (1) the difference in nutritional 
state between the pituitectomized and control rats, and (2) the determina- 
tion of the glucose utilization represented a small difference between two 
large numbers, since only 0.5 to 1 mg. of the 6 mg. in the medium was 


TABLE II 
Glucose Uptake and Glycogenesis by Diaphragms of Pituitectomized Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was 0.3 per cent. The vessels were incubated at 38° for 2 hours. 


The glucose uptake and glycogenesis are expressed as mg. of glucose per 100 mg. of 
wet weight of diaphragm. 





Glucose uptake Initial | Glycogenesis 
Rat No. : - glycogen | — s rie 
‘nsulia’ | insulin | Insulin effect | content} Without) Wittin , Insulin effect 
1* | 1.06 | 2.44] 1.38 0.26 0.24 | 0.49} 0.25 
2* 1.13 | 2.14| 1.01 0.18 | 0.17 | 0.58) 0.41 
3 0.89 1.19 | 0.30 0.11 0.26} 0.48; 0.22 
4 1.67 1.83 0.16 0.08 0.31 | 0.32); 0.01 
5 1.07 1.83 0.76 0.18 0.17 | 0.51 0.34 
6* 1.42 2.20 0.78 0.10 | 0.38) 0.46 0.08 
7 0.74 1.19 0.45 0.03 0.35 0.52; 0.17 
8 1.11 1.33 | 0.22 0.11 0.30) 0.49! 0.19 
9 1.09 1.35 0.26 0.10 | 0.63 0.70! 0.07 
10 0.60 | 1.25) 0.65 | 0.03 | 0.32! 0.65} 0.33 
11 0.84 1.50 0.66 | 0.03 | 0.23} 0.43} 0.20 
Mean 1.06 1.66 0.60 (57%) | 0.11 | 0.30 0.51 | 0.21 (70%) 
S.E.M. +0.11 +0.04 
ee: 5.5 5.4 
tt 2 da nts 1.43 0.43 (48%) | 0.07 0.32 0.51 0.19 (59%) 


* Almost moribund. 
+ Excluding the three moribund animals. 


utilized. These changes were considered desirable in order to prevent the 
wide variation of insulin effects on glucose uptake noted in Table IT. 
Diaphragms from Normal Rats in 0.1 per cent Glucose M edium—Six animals 
were tube-fed for 3 to 4 days before the experiment. The last tube feeding 
was given 24 hours before the experiment. The mean amount of glucose 
utilized without insulin was 0.53 mg. per cent and 0.85 mg. per cent with 
insulin; the insulin effect was 0.32 mg. per cent (60 per cent increment). 
The initial glycogen content was 0.18 mg. per cent; this was higher than 
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TaB.e III 
Glucose Uptake and Glycogenesis by Diaphragms of Normal Rats 


Each line gives the data of the diaphragm of one rat. The glucose concentration | 


of the medium was 0.1 per cent. The vessels were incubated at 38° for 2 hours. The 


glucose uptake and glycogenesis are expressed as mg. of glucose per 100 mg. of wet 
weight of diaphragm. 




















Re, eRe 1 co ce 
Without | With | Insulin effect | content | Without | With | Insulin effect 
insulin insulin | insulin insulin | 

1 0.54 | 0.93 | 0.39 0.17 | 0.18 | 0.46| 0.28 

2 0.39} 0.82) 0.48 | 0.18 | 0.09} 0.46| 0.37 

3 0.49} 0.66| 0.17 | 0.19 | 0.19| 0.33) 0.14 

4 0.50 | 0.72] 0.22 | 0.21 | 0.13 | 0.29) 0.16 

5 0.65 | 0.93! 0.28 0.08 | 0.28} 0.47} 0.19 

6 0.58 | 1.02} 0.44 0.25 | 0.07 0.30 | 0.23 
Mean......| 0.53 | 0.85 | 0.32 (60%) | 0.18 | 0.16 | 0.39 | 0.23 (144%) 
i ae +0.046 | +0.035 
“We | 6.9 | 6.6 


TABLE IV 
Glucose Uptake and Glycogenesis by Diaphragms of Pituitectomized Rats 
Each line gives the data of the diaphragm of one rat. The glucose concentration 
of the medium was0.1 percent. The vessels were incubated at 38° for2hours. The 


glucose uptake and the glycogenesis are expressed as mg. of glucose per 100 mg. of 
wet weight of diaphragm. 


Glucose uptake Glycogenesis 





Initial 
Rat No. = aes ; ~ glycogen 3 = 
Without With, | Insulin eflect | content | Without | With | Insulin effect 
1 0.42 0.60 0.18 0.08 0.15 | 0.23 0.08 
2 0.35 | 0.58 0.23 0.03 0.21 0.29 0.08 
3 0.23 | 0.53 0.30 0.10 0.13 | 0.32 0.19 
4 0.41 0.73 | 0.32 0.07 0.15 | 0.26 0.11 
5 0.27 | 0.52 0.25 0.13 0.09 | 0.23 0.14 
6 0.33 | 0.70; 0.37 | 0.27 0:12 | 0:3 0.16 
7 0.30 | 0.73 | 0.43 | 
8 0.46 | 0.94 | 0.48 0.16 0.08 | 0.29 0.21 
9 0.38 | 0.79 0.41 0.14 0.16 0.39 0.23 
10 0.47 0.89 0.42 0.04 0.16, 0.39 | 0.23 
| nf a | —|———— 
Mean......| 0.36! 0.70} 0.34 (94%)/ 0.11 0.14 | 0.30 0.16 (114%) 
SMa: 2 +0.03 +0.02 





nce: | 11 | | 8 
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that of other series. Although these high initial glycogen contents might 
have been due to the forced feeding, the initial contents in hypophysec- 
tomized animals similarly fed were lower. The glycogenesis without in- 
sulin was 0.16 mg. per cent and 0.39 mg. per cent with insulin; the insulin 
effect was 0.23 mg. per cent (144 per cent increment) (Table III). 

Diaphragms from Pituitectomized Rats in 0.1 Per Cent Glucose Medium— 
Ten animals were tube-fed for 3 to 4 days after the operation. Thus their 
food intake was identical with that of the control rats. The animals were 
killed 16 to 18 hours after the last tube feeding. These animals were in a 
good state of nutrition and activity when they were killed. The sella of 
every animal was examined post mortem and no pituitary tissue was found. 

The mean amount of glucose utilized without insulin was 0.36 mg. per 
cent and 0.70 mg. per cent with insulin; the insulin effect was 0.34 mg. per 
cent (94 per cent increment). The initial glycogen was 0.11 mg. per cent. 
Glycogenesis without insulin was 0.14 mg. per cent and 0.30 mg. per cent 
with insulin; the insulin effect was 0.18 mg. per cent (114 per cent incre- 
ment). The insulin effect on glycogen synthesis was slightly but not 
significantly lower in the two series of pituitectomized rats than in the 
normal control series. The difference between the mean insulin effect on 
glycogen synthesis was 0.09 + 0.05 (standard error of difference of two 
means) and 0.07 + 0.04 in these two series (Table IV). 


DISCUSSION 


The insulin effect on glucose utilization of the diaphragm of the pituitec- 
tomized animals was as great as the effect on the diaphragms of the normal 
control rats. The mean insulin effects on the glucose utilization of our 
four series, as well as the insulin effects of similar series of normal rats 
gathered from the literature, are presented in Table V. Although the 
insulin effects vary considerably in the different series, those of our pituitec- 
tomized tissue are within the range of the insulin effects noted with normal 
tissue. The insulin effect reported by Gemmill seems to be greater than 
the effect reported by Stadie, Corkill, and in the present paper. The 
reason for this is not apparent. 

The observation that the insulin effect on glucose utilization of pituitec- 
tomized tissue is not less than that of normal tissue agrees with the clinical 
and physiological observations that insulin is very effective in increasing 
glucose utilization in the hypopituitary state. 

Our experiments with pituitectomized rats do not support the assumption 
that the action of insulin is solely upon the hexokinase system. Four 
possibilities of reconciling Cori’s data with our observations can be con- 
sidered. First, pituitary hormones may still be exerting their effect 4 to 
5 days after pituitectomy. This seems very unlikely, since there is no 
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evidence of positive action of pituitary hormones at such intervals after 
pituitectomy. On the contrary, there is abundant evidence that the hor- 
monal effect ceases by 48 hours after pituitectomy. After pituitectomy, 
growth ceases almost immediately (17), the secretion of milk stops within 24 
hours (18, 19), and there is loss of adrenal cortical volume at 48 hours 


TaBLEe V 
Comparison of Glucose Uptake and Glycogenesis in These Series with That 
of Other Reported Series 
Each line represents the mean of the data of each series. Glucose uptake and 
glycogenesis are expressed as mg. of glucose per 100 mg. of wet diaphragm for the 
entire duration of the experiment. The insulin effects are expressed both as mg. per 
100 mg. of wet diaphragm and as per cent increase. 


Glucose utilization Glycogenesis 


Concen- . 
: Period of ec eanrnmenaaan re 
Author a *) incuba- | Fedorfasted |#s| . |e8l 8 
medium) om S3\ag, lait 22)22| lgal 
Sls Ss" E 
Normal 
| mg. | mg. | ms | mg. mg. | mg. | 4, 
aco! ng Se | Bae | Sea | Se | 2 | SS, | | cm 
This series 0.3 2 | Fasted 0.640.990.35, 550.300.60.0.30) 100 
Stadie (16) 0.3 2 a 0.60/1.1310.53) 88} | | | 
“« (9) 0.3 2 ee be | 0.44/1.04'0.60) 136 
Gemmill (8) 0.3 3 ee 0.59/1.46 0.87) 147) 0.50) 
as (8) 0.2 3 * 0.541.030.4991) | 0.45) 
Corkill (10) 0.2 3 Fed 0.470.720.26, 550.310.580.27| 87 
This series 0.1 2 Fasted (0.530.850.32) 600.160.3900. 23) 144 
Krahl (12) 0.1 2 Fed, fasted 0.380.500.12, 32 
Stadie (16) 0.1 2 Fasted 0.430.750.3274 | 
« (9) 0.1 2 a xa 0.350.670.32) 91 
Pituitectomized 
This series 0.3 2 Fasted 1.061.660.60 570.300.510.21) 70 
°? ne 1.00.1.43'0.43 43.0.32,0.510.19) 59 
ee ie Q.1 2 “ic 0.36.0.700.34 940.140.300.16 114 


* Excluding three moribund animals. 


(20). The interruption of all gonadal functions except that of the corpus 
luteum in certain pregnant animals is evident in 48 hours or less (21, 22). 
Maintenance of the luteal function in the pituitectomized pregnant ani- 
mals is believed to be due to substances originating from the placenta. 
Second, insulin may act directly on the hexokinase system in the intact 
cell but not on purified hexokinase. Third, insulin may speed up glucose 
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utilization by an enzyme system other than hexokinase in the isolated 
diaphragm. Since the diaphragm, which contracts constantly throughout 
life, differs from most skeletal musculature in function, it is possible that its 
enzyme system differs from that of other striated muscle. Gemmill (7) 
failed to find the in vitro insulin effect on glucose utilization of frog sar- 
torius muscle which he had found in the rat diaphragm. It has been 
demonstrated that cardiac musculature, which also contracts regularly 
throughout life, differs from skeletal musculature in its ability to form 
glycogen from lactate (23). Fourth, substances other than pituitary 
hormones may inhibit the hexokinase reaction. Broh-Kahn and Mirsky 
(24) have recently reported an inhibition of hexokinase by splenic extracts 
similar to the reported pituitary inhibition; insulin overcame either of these 
inhibitions in vitro. Thus insulin might be able to increase phosphoryla- 
tion of glucose even in tissue of pituitectomized animals, if non-pituitary 
hexokinase inhibitors were present. 

Glucose utilization was greatest in the tissue of the moribund fasted 
pituitectomized rats (Table II). Six normal rats were fasted for 4 days; 
the glucose utilization of the diaphragms of these rats was greater than that 
of the controls which were fasted 24 hours. This suggests that prolonged 
inanition may have been a factor in increasing the glucose utilization of the 
pituitectomized rats which were fed ad libitum. 


SUMMARY 


The effect of insulin upon glucose utilization in vitro is as great in the 
diaphragm of the pituitectomized rat as in the diaphragm of the normal. 
Insulin can therefore directly increase the diaphragm’s utilization of glu- 
cose, even in the absence of the inhibitory effect of anterior pituitary 
hormones. 


The authors are indebted to Mrs. Nancy Meegan for her assistance in 
the care of the animals. 
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BIOCHEMICAL STUDIES ON HOG TESTICULAR EXTRACT 
I. ISOLATION AND IDENTIFICATION OF 5-PREGNEN-3(8)-OL-20-ONE* 


By WILLIAM J. HAINES, RICHARD H. JOHNSON, MARI P. GOODWIN, 
AND MARVIN H. KUIZENGA 


(From the Research Laboratories, The Upjohn Company, Kalamazoo) 
PuaTE 1 


(Received for publication, February 13, 1948) 


Interesting theories concerning the biochemical interrelationship of 
steroid hormones have been presented by many investigators. Selye (1) 
has summarized these views in a scheme for a possible route of biogenesis 
of the different types of hormonal compounds. Unequivocal proof for 
such a scheme would seem to be quite difficult. However, one approach 
to this problem might involve the examination of specific tissues for the 
constituent steroid compounds which have hormone activity or which are 
judged, by their structure, to be closely related to the active compounds. 
One must assume that the coexistence of substances is indicative of meta- 
bolic interrelationship. The common embryonic origin of gonadal and 
suprarenal cortical tissues suggests that it might be possible to find com- 
pounds related to sex hormones and adrenal cortical hormones in a com- 
mon location. With this in mind we have applied a standard procedure 
for the isolation of adrenal cortical hormones (2) to the investigation of 
hog testes extract. 

During the early stages of the separation various fractions have been 
screened for four types of biological activity; adrenal cortical, androgenic, 
estrogenic, and progestational. This has resulted in the detection of a 
significant amount of estrogenic activity, as measured by the Kahnt- 
Doisy assay procedure (3). Although the presence of such activity in hog 
testes has been reported previously (4), it was not further characterized. 
At the present time, we are engaged in the identification of this estrogenic 
material. Our results will be reported in a subsequent paper. 

Although adrenal cortical activity has not been detected by a muscle 
fatigue test (5) or a survival-growth assay (6), a considerable amount of 
unidentified material was obtained in fractions corresponding to the bio- 
logically active cortin fraction from adrenal glands. It is known that, of 
the twenty-five or so steroid compounds which have been isolated from 


* A preliminary report of this work was presented at the meeting of the Division 


of Biological Chemistry of the American Chemical Society in New York, New York, 
September 15, 1947. 
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the adrenal cortex, only six have appreciable biological activity by the 
above methods of assay (7). Thus it is quite possible that this fraction 
from hog testes may be found to contain compounds such as the so called 
inactive adrenal steroids. 
Investigation of several fractions by means of a standard assay procedure 
. for progesterone (8) has failed to detect this type of hormone activity, 
Likewise, the use of a modified test, patterned after that of Korenchevsky 
et al. (9), involving the measurement of seminal vesicle and prostate gland 
development, has not detected androgenic activity. After this work had 
been completed, a paper (10) came to our attention which reported the 
isolation of androgenic activity from hog testes. The level of this activity 
was extremely low, about 450 y of testosterone equivalent per kilo of tissue, 
and was detected by a chick comb-growth assay (11). Our failure to con- 
firm these findings might be accounted for by our use of a different isolation 
scheme and a different method of bioassay. Dingemanse et al. (12) and 
Koch (13) have previously discussed the dissimilarity in the response 
obtained with these two types of assay. 
In his scheme for the hypothetical biosynthesis of steroid hormones, 
Selye (1) has assigned a key position to 5-pregnen-3(8)-ol-20-one, commonly 


CH; 


| 
C=0 


| 
MNV\ 


a 


4 
HO 


called pregnenolone. Thus any effort to establish an interrelationship of 
steroid compounds by means of an isolation technique should quite natu- 
rally include an attempt at the detection of this substance. Although 
pregnenolone is readily available as a synthetic compound, having been 
first prepared in 1934 by Butenandt, Westphal, and Cobler (14), its isola- 
tion from a natural source had been reported by only one laboratory prior 
to the initiation of our investigation. In their work, Ruzicka and Prelog 
(4) obtained a crystalline mixture of pregnenolone and allopregnanolone, 
from which they were unable to separate free pregnenolone. Only after 
acetylation and subsequent chromatography over aluminum oxide were 
they able to isolate pregnenolone acetate. In our laboratory it has been 
possible to isolate free pregnenolone as such by means of a somewhat 
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different isolation scheme, followed by chromatography over magnesium 
silicate-celite mixtures. Since pregnenolone has no distinguishing bio- 
logical or chemical properties, it is a difficult substance to follow through 
any extensive isolation scheme. We have partially overcome this difficulty 
by applying the very useful tool of infra-red spectroscopy. After the 
absorption spectrum for synthetic pregnenolone was established, each 
fraction from the chromatograms of the ketonic material from the tissue 
extract was examined in the infra-red and compared to the standard curve. 
By this means it was possible to observe the progressive increase in preg- 
nenolone content of the fractions, which led ultimately to the isolation of 
the pure compound. ‘The identity of the natural product with synthetic 
pregnenolone was then established by the standard techniques of melting 
point, mixed melting point, optical rotation, and the preparation of a 
chemical derivative. In addition, the Debye-Scherrer x-ray powder 
patterns and the infra-red absorption spectra in Nujol mulls proved the 
crystal structure identity as well as the chemical identity of the natural 
and synthetic compounds. 

Two other crystalline compounds were isolated in the course of this 
investigation. One of these, which melted at 256° and possessed an [a], 
value of —15°, was recovered from a chromatogram of mixed ketones. 
This compound was in a band adjacent to one from which pregnenolone 
was isolated. The identity of this substance has not yet been established. 
The other crystalline compound was characterized as free cholesterol. 
Although the presence of this sterol in the extract was not unexpected, its 
point of appearance in the isolation scheme was thought to be unusual. 


EXPERIMENTAL 


The processing involved in this investigation has been divided for con- 
venience of discussion into five stages. 

Stage A. Initial Processing of Hog Testes—The starting material for 
this study consisted of 470 kilos of hog testes. These glands had been 
collected and frozen at the packing-house, after which they were packed 
in dry ice and shipped to our laboratory.! Since it was desired to study 
the steroid constituents in their natural state in the tissue, every precaution 
was taken that no transformations should occur previous to or during the 
isolation study. The frozen glands were ground into 95 per cent acetone 
(containing 5 per cent water) and processed as shown in Table I. The 
subsequent processing of fractions LX and VI from Table I is recorded in 
Stages B and C, respectively. 

Stage B. Processing of Ethylene Dichloride Extract IX—The details of 


‘These glands were made available to us by the Reliable Packing Company, 
Chicago, Illinois. 
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TABLE [ 





Stage A. Initial Processing of Hog Testes 
470 kilos frozen hog testes 
Extracted with 95% acetone, 320, 110, 110 gals.; 48 hrs. per extraction 





Acetone fil 


trate; removed acetone 


by distillation in vacuo 





| 
| 


Gland residue (1): 
discarded 








Aqueous fraction (II) 140 gals.; extracted 
with petroleum ether, 65, 35, 35, 35 gals. 


Defatted aqueous fraction; 
extracted with ethylene 
dichloride, 40, 40, 40, 40, 


40 gals. 


| 





| 


Petroleum ether extract, 
4.9 kilos; concentrated 
to 19 gals.; extracted 


with 20% acetone, 13, 
13 gals., each 20% 





e acetone washed back 
| with 10 gals. petroleum 
ether 


Aqueous residue (IV) 
6.54 kilos; converted 


to dry 


lyophilization 


powder by 





Ethylene 
dichloride 
extract (V) 


Solid fat (III) 2.25 gals., 
2.89 kilos; dissolved in 
12 gals. petroleum 
ether;* extracted with 
20% acetone, 8, 8 gals.: 
latter washed back 
with equal volume pe 
troleum ether 





| 


Combined 20% acetone 
extract (VII); acetone 
removed by distillation 





Y 


Aqueous fraction 17 
gals.; extracted with 
ethylene dichloride, 5, 
5, 5, 5 gals. 


| 





Combined petroleum 
ether residue; con- 
centrated to 14 gals. 


4 


Petroleum ether-fat 
residue (VI) 





| an 


Ethylene dichloride 
extract (VIII) 


| 








Total ethylene dichloride extract (IX) 


* Skellysolve B. 


Aqueous residue; 
discarded 


Ne 


aq 





TaBLe II 
Stage B. Processing of Ethylene Dichloride Extract IX 


Total ethylene dichloride extract [X 
Solute transferred to 4 liters S. D. 3A alcohol;* cooled to 5° 
| 





a i 

| 
Alcohol mother liquor 373.3 gm.; Crystalline precipitate (X) 
adjusted alcohol concentration to 136.5 gm.; treated with 
70% to make volume 8.57 liters; Darco; crystallized from 3A 
extracted with 3 liters petroleum alcohol, absolute methanol, 

ether; latter washed back with absolute acetone 
! 


70% aleohol, 2, 2 liters 
Free cholesterol (XI) 








ad 70% alcohol residue; concentrated to Petroleum ether extract (XII) 
in 2 liters; adjusted alcohol concen 294.8 gm. 
; J 
m tration to 50%; extracted with 
th petroleum ether: 3, 3, 2 liters; 
latter washed back with 50% aleo- 
. hol, 2, 2 liters 
e ! 
Toes oe ee 
| 
50% alcohol residue 44.8 gm.; diluted Petroleum ether extract (XIID 
to 30% alcohol to make volume 22.8 gm. 


| 6.9 liters; extracted with pe- 
troleum ether: 3, 3 liters; latter 
washed back with 30% alcohol: 
1.5, 1.5 liters 


_—— " — 





i 
30% alcohol residue (XV) (42.56 Petroleum ether extract (XIV) 
gm.); concentrated to aqueous 2.24 gm. 
residue, 4 liters; extracted with 
ethyl! acetate: 2, 2, 2, 2 liters 





| | 

Ethyl acetate extract (XVI) 144 Aqueous residue; discarded 
gm.;extracted with two 0.1 volumes 
each 1% Na:CO;, 0.56 n HCl, 2% 
NaHCoO,;; followed by three 0.1 vol- 
umes distilled water; each aqueous 
extract washed through same 4 
liters ethyl acetate 


poo Se _ 


| 
Neutral ethyl acetate fraction Aqueous washes; discarded 
(XVII) 7.28 gm. 


*S. D. 3A alcohol (90% ethanol, 5% methanol, 5% water) used for all subsequent 
aqueous alcohol extractions. 
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the further handling of this fraction are presented in Table II. After the 
crude crystalline material (X), which gave a strongly positive Liebermann- 
Burchard test, had been decolorized with Darco and then crystallized from 
95 per cent alcohol, a fraction was obtained which melted unsharply at 
126-138° and possessed an [a]? value of —26° (c = 1.9 in chloroform). 
After recrystallization of this material once from absolute methanol and 
three times from absolute acetone, a crystalline fraction was obtained which 
melted sharply and was identified as free cholesterol (XI) by the following 
properties. 

CuH,;0H 
Calculated. C 83.90, H 11.99; m.p. 148°; [a], — 39 


Found.? ‘* 83.88, ‘* 11.85; ‘* 144-145°. la]p — 38°; (c = 1.89 in chloroform) 


The occurrence of this amount of free cholesterol, 290 mg. per kilo of tissue, 
was not expected at this point in the isolation scheme. 


Fraction XVII would be expected to contain the compounds related to’ 


the adrenal cortex steroids. In spite of the fact that no adrenal hormone 
activity was detected, further investigation of this material may yield 
certain of the so called inactive adrenal compounds. It is interesting to 
note that this fraction was found to contain 726,000 Lu. of estrogenic 
activity (equivalent to 72.6 mg. of estrone), as measured! by the Kahnt- 
Doisy assay (3). An investigation of this estrogenic material is under 
way at the present time. 

Stage C. Processing of Petrolewm Ether-Fat Residue VI—The route by 
means of which fraction VI evolved in this study may be traced by the 
heavy lines in Table I. The subsequent handling of this material is out- 
lined in Table III. Ultimately fraction X XIX was produced. No adrenal 
cortical, androgenic, or progesterone-like activity was detected in this 
fraction. However, the Kahnt-Doisy assay indicated a total of 2,460,000 
1.u. of estrogen activity (equivalent to 246 mg. of estrone). 

Stage D. Preparation of Neutral Ketone Fraction—An aliquot of frac- 
tion XXIX amounting to 5 gm. in 578 ml. of ethyl acetate was used for 
exploratory studies. It was extracted with four 50 ml. portions of 2 per 
cent aqueous sodium hydroxide, and each alkaline extract was washed 
back through the same 100 ml. of ethyl acetate. The alkali washes were 
combined, acidified, and extracted with ethyl acetate. After being washed 
with distilled water, the ethyl acetate solution of dilute alkali-soluble 


2 The chemical analyses were carried out by Mr. Harold Emerson and Mr. William 
Struck of our microanalytical laboratory. 

3 All melting points were taken on a Fisher-Johns block, which had been stand- 
ardized against a Bureau of Standards thermometer. 

‘We are indebted to Mr. Stanley C. Lyster of our laboratory for the estrogenic 
assay data which are reported in this paper. 








70° 


5 





am 


nic 





TABLE III ‘ 


Stage C. Processing of Petroleum Ether-Fat Residue VI § 
Petroleum ether-fat residue VI, 14 gals. 
Extracted with 70% aleohol, 7,7, 7, 7, 7 gals. 
Latter washed back with petroleum ether, 17, 17 gals. 
l 


| 
70% alcohol extract (A) Petroleum ether residue 5.39 fe 
kilos; concentrated to 21 
liters; extracted with 70% 
alcohol, 2, 2, 2, 2 liters 





ae ee oe 


70% alcohol Petroleum ether residue 
extract (B) (XXIII) 5.34 kilos 


| 


Total 70% alcohol extract (XXII) 
1.08 kilos; aleohol removed by dis- 
tillation 7m vacuo; aqueous residue 
adjusted to 50° methanol; 12 
gals.; extracted with petroleum 
ether, 3, 3, 3, 3 gals. 


50° methanol residue (A Petroleum ether extract 1.03 
kilos; concentrated to 8.2 
liters; extracted with 50% 
methanol, 4, 2, 2, 2 liters 
| 
50% methanol Petroleum ether residue 
extract (B) (XXV) 1.01 kilos 


r 


Fotal 50% methanol extract (XXIV) 
275.5 gm.; concentrated to aqueous 
residue, 4 liters; extracted with 


ethyl acetate, 2, 2,2, 2, 2 liters 


Ethyl acetate extract (XXVI) 55.4 Aqueous residue; discarded 
gm.; extracted with two 0.1 volumes 
each 1% Na,CO,, 0.5 n HCl, 2% 
NaHCoO;; followed by three 0.1 vol- 
umes distilled water; each aqueous 
extract washed through same 4 
liters ethyl acetate 


Neutral ethyl acetate fraction (XXIX) 14.36 gm. Aqueous washes; discarded 
931 
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material (XX XI) contained 840 mg. The ethyl acetate solution of materia] 
not extracted with dilute alkali (XXX) contained 4.34 gm. 

The latter fraction was subjected to an exhaustive separation with 
Girard’s Reagent T, as described by Ruzicka and Prelog (4). This separa- 
tion yielded three successive ketone fractions of 588, 87, and 29 mg. and a 
“non-ketone 3” fraction of 2.97 gm. (XXXIII). A very striking Lieber- 
mann-Burchard reaction was obtained when 8 mg. of the latter fraction 
were dissolved in 2 ml. of chloroform and treated with 0.5 ml. of acetic 
anhydride and 0.25 ml. of concentrated sulfuric acid. The upper layer 
became yellow-green, the interphase was red-brown, and the lower layer 
was tan. A small, bright blue band ascended from the interphase into 
the upper layer. 

The three ketone fractions were pooled to give fraction XXXII of 722 
mg., Which was subjected to a fourth treatment with Girard’s Reagent T. 
This yielded “non-ketones 4” of 231 mg., fraction XX XV, and “ketones 4” 
of 396 mg., fraction XXXIV. 

The remaining 9 gm. aliquot of fraction XXLX was subjected to a similar 
separation. The dilute alkali-soluble fraction was pooled with fraction 
XXXI to give a combined dilute alkali-soluble fraction (XL) weighing 
1.61 gm. The exhaustive Girard separation on the dilute alkali-insoluble 
material gave a non-ketonic fraction which was pooled with comparable 
material from the first separation to yield a combined non-ketone fraction 
(XLI) of 8.98 gm. The ketone fraction (XLII) from this separation 
weighed 850 mg. 

Fractions XL and XLI were examined by the Kahnt-Doisy assay and 
found to contain estrogenic activity equivalent to 8 and 135 mg. of estrone, 
respectively. However, the chemical properties of this estrogenic material, 
as exhibited in the preceding separations, would seem to indicate that it is 
neither estriol nor estrone. At the present time we are engaged in a fur- 
ther investigation of the estrogenic activity in these two fractions and in 
fraction XVII. 

Stage E. Chromatographic Separation of Ketone Fractions X XXIV and 
XN LIIT—tThese two ketone fractions from Stage D served as the starting 
material for the isolation of 5-pregnen-3(3)-ol-20-one, commonly called 
pregnenolone. ‘Two types of adsorbents were used in the chromatographic 
separations; magnesium silicate-Celite mixtures and aluminum oxide. 
Much sharper separations were obtained with the former. The technique 
of exhaustive elution was employed, and the resulting column bands were 


° Magnesium silicate No. 34 was obtained from the Philadelphia Quartz Company 
Berkeley South Gate, California. Celite is an analytical filter aid made by Johns- 
Manville. The aluminum oxide, 80 to 200 mesh, was purchased from the Fisher 
Scientific Company. 
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determined on a weight basis. Each band was characterized by optical 
rotation and intra-red spectroscopy. The infra-red spectrum of each 
column band was compared to that obtained for synthetic pregnenolone.’ 
In this manner the location of pregnenolone could be conveniently deter- 
mined during the extensive purification scheme on samples of 0.5 to 2 
mg. Non-crystalline and semicrystalline fractions were examined as 
smears on the sodium chloride blocks and could be recovered by washing 
with dry ether or dry chloroform. Crystalline fractions were examined 
as Nujol mulls or as chloroform solutions. Column bands which were 
practically pure pregnenolone, as evaluated by the infra-red spectroscopist, 
were pooled for subsequent crystallization. Those which contained 
pregnenolone absorption together with other types were pooled for re- 
chromatography. 

Fraction XXXIV, containing 396 mg. of mixed ketones, was dissolved 
in 12 ml. of benzene*® and added to a column (15 X 2 cm.) of a mixture of 
5 gm. of magnesium silicate plus 5 gm. of Celite, which had been thoroughly 
washed with each of the several solvents to be used in the chromatogram. 
The results with this column are presented in Table IV. Particular at- 
tention is called to Band C, which consisted of crystalline material eluted 
from the column by a mixture of benzene-ether (10:1). It weighed 16.9 
mg. and had an [a]®° value of +31°. Examination by infra-red indicated a 
high percentage of pregnenolone. The long needles were washed with a 
small amount of cold, absolute ether, leaving 5.6 mg. of material melting 
at 187-188° and showing no depression when melted with synthetic preg- 
nenolone. ‘To this fraction, contained in a tared, 15 ml. graduated centri- 
fuge tube, were added 12.5 mg. of hydroxylamine hydrochloride, 0.08 ml. 
of distilled water, and 0.05 ml. of 10 per cent aqueous sodium hydroxide. 
Absolute ethanol was added to make the volume to 0.5 ml. This mixture 
was kept at its boiling point for 10 minutes. It became quite cloudy when 
placed in an ice bath, and considerable crystalline material separated 
upon standing. The mother liquor was withdrawn after centrifugation, 
and the crystals were dried to a constant weight of 1.2 mg. They melted 
at 214-216°. No depression was observed when this material was melted 
with an oxime prepared under identical conditions from 5 mg. of synthetic 
pregnenolone. 

6 The authors are greatly indebted to Dr. Foil A. Miller and Mrs. Agatha R. John- 
son, Division of Physical Chemistry, University of Illinois, Urbana, for their able 
handling of the infra-red spectroscopy which is reported in this paper. 

7 The sample of synthetic pregnenolone was kindly furnished to us by Dr. Percy L. 
Julian and Dr. J. Wayne Cole of the Research Laboratories, The Glidden Company, 
Chicago, Illinois. 

§ All solvents used in this investigation were dried and then distilled in an all- 
Pyrex apparatus and stored in glass-stoppered Pyrex bottles. 
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Band D, which was eluted from this column with benzene-ether (4:] 
and 2:1), possessed an [a]? value of +18° and weighed 43.3 mg. Crystal- 
lization of this fraction from absolute methanol yielded two crops of crys. 
tals weighing 7.4 and 2.2 mg. A third crop of 3.5 mg. was obtained from 
isopropanol, leaving a mother liquor of 30.2 mg. ‘The latter now had an 
[a]” value of +23°, and exhibited a high concentration of pregnenolone in 

TABLE IV 
Chromatogram of Neutral Ketones from Hog Testes Extract 
Starting material, 396 mg. of fraction XXXIV; adsorbent, 5 gm. of magnesium 
silicate plus 5 gm. of Celite; column, diameter 2 cm., length 15 em.; volume of eluate 


per fraction, 20 ml.; total recovery, 360 mg. or 91 per cent. 


Column bands 


Fracti 
Developer — ss z ’ Seas saaie 
5 mn ap escription sndast 
s| : 
; meg. degree 
Petroleum ether-benzene 1-8 A! 12.3) +14 + 2t) Dark vellow oil 
(1:1) 
Benzene 9-11) 
Benzene-ether (40:1) 12 " : | 
9. $- 3% - Z aght 
“ (20:1) i3t4/ B 5 itn ses | 
‘ (10:1) | 15-17 | 
Be (10:1) 18-22 'C 16.9 +31 + 4° Colorless crystals | } 
as (4:1) 23 as ; r iar : 
re (2:1) o4 28| DD 43.3 +18 +5. ¢ rystals + oil | 
. p-* HH « 
Ether 28) my ref E 35.5 +19 + 1. Light yellow oil | 
Ether-methanol (40:1) 33-37 | F 90.8 +9 + 2. Orange oil 
(20:1) 38-41 |G) 28.8 +15 + 2) Yellow “* 
eS (251) 42-438 H 54.1 410 + 2 Oil 
Methanol 44-51 I 68.8 +12 + 4. Red-brown oil 
* +5 = 100 per cent pregnenolone. 


+ The + errors were calculated from the standard equation for [a], by substitut 
ing for ‘‘average observed rotation’”’ the mean deviation from the mean of the actual 
observed rotations for each sample. 


its infra-red spectrum. It was added to similar fractions in a subsequent 
chromatogram. The three crops of crystals obtained previously were now 
pooled, and the total fraction was found to have an [a]? value of —15 
(c = 0.34 in absolute methanol). Subsequent recrystallization from absolute 
methanol yielded 4.4 mg. of colorless platelets, melting at 256-258° and 
having the chemical composition of C 83.80, H 10.62. As yet, this material 
has not been identified. 
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Fraction XLII, containing 850 mg. of mixed ketones, was dissolved in 
20 ml. of benzene and treated with 20 ml. of petroleum ether, causing the 
separation of a resinous precipitate. The latter was dissolved and reprecip- 
itated from 8 ml. of petroleum ether-benzene (1:1). The combined 
petroleum ether-benzene solution (1:1) contained 757 mg. This fraction 
was added to a column (12 X 2 em.) containing 40 gm. of aluminum oxide, 
which had been washed with all the solvents to be used in the chromato- 
gram. ‘The solvent mixtures used for developing the column were identical 
with those used in the first chromatogram. The first band, eluted with 
petroleum ether-benzene (1:1), contained 259.2 mg. and possessed an [a]? 
value of +29°. Although the physical characteristics of this material 
were somewhat different from the crude fraction which was added to the 
column, extensive background absorption prevented definitive characteri- 
zation by infra-red. However, there was a strong possibility that this 
fraction consisted of less polar compounds which had not been retained 
on the column, perhaps due to the use of an inadequate adsorbent. It is 
seen that 497.8 mg. of the starting material were held on the adsorbent. 
Subsequent development led to a typical chromatogram. A band, which 
was eluted with benzene-ether (4:1) and weighed 10.7 mg., was found to 
have an faJ>° value of +29° and exhibited a high concentration of preg- 
nenolone in the infra-red. 

A 252 mg. aliquot of the first band from the above column was dissolved 
in 16 ml. of petroleum ether-benzene (1:1) and chromatographed over a 
mixture of 5 gm. of magnesium silicate plus 5 gm. of Celite, as in the first 
column. 47.4 mg. of crystalline material appeared in a band eluted with 
benzene-ether (10:1), having an [a]?° value of +21 + 1°. This fraction, 
while contained in a tared, 15 ml. graduated centrifuge tube, was dissolved 
in 0.8 ml. of boiling absolute methanol and allowed to crystallize. The 
colorless needles were washed with three 0.1 ml. portions of cold ether to 
give 7.2 mg. of crystals melting at 187-188° and showing no depression 
when melted with synthetic pregnenolone. The mother liquors from the 
above crystallization, as well as several column bands from preceding 
chromatograms which exhibited infra-red evidence for pregnenolone, were 
pooled and chromatographed repeatedly over mixtures of magnesium 
silicate-Celite until all possible pregnenolone had been isolated. 

A total of 20.9 mg. of crystalline material was accumulated which had 
approximately the correct melting point for pregnenolone. Subsequent 
crystallization of this fraction from absolute methanol and finally from 
absolute acetone yielded 13.4 mg. of crystals melting at 186.5-187.5° and 
showing no depression when melted with synthetic pregnenolone. This 
material was found to have an [a] value of +35 + 4° (c = 0.25 in absolute 
methanol). Further proof of the identity of this natural product with 
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synthetic pregnenolone was found by comparisons of the Debye-Scherrer 
x-ray powder patterns’ (Fig. 1) as well as the infra-red absorption spectra 
(Text-Fig. 1).!° The infra-red curves were obtained on samples of the 
crystalline compounds suspended as mulls in Nujol. Any slight variation 
between the two curves can probably be explained on the basis of the mull 
of the natural product being slightly less dense than that of the synthetic 
sample. Thus, a few of the weaker bands of the natural product are not 
seen. There are certain points in these curves, such as the twin bands in 
the “ketone region” at 1685 and 1700 em.-', which are probably related to 
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Trext-Fig. 1. Infra-red spectra of 5-pregnen-3(8)-ol-20-one. Curve 519, natural 
product; Curve 630, synthetic product. Perkin-Elmer infra-red spectrometer, No. 12-B. 


the crystal structure of the compounds. ‘These modifications and others 
are discussed in a study of the polymorphism of pregnenolone by means of 
x-ray and infra-red spectroscopy, which is the subject of a separate report. 
In addition it was found that infra-red spectra of chloroform solutions of 
the natural product and synthetic pregnenolone were absolutely superim- 


* The authors wish to express their thanks to Dr. George Pish of our Physics De- 
partment for the preparation and interpretation of the x-ray data which are 
presented. 

10 In preparing these plates, the drafting was done by Mr. John Hoffman of our 
Mechanical Development Department, and the photography was handled by Mr 
Norman A. Drake of our Physics Department. 
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posable. ‘Thus it can be said that the results with x-ray and infra-red, as 
reported here, prove not only the chemical identity but also the crystal 
identity of the natural product and synthetic pregnenolone. 


SUMMARY 


Hog testicular extract has been subjected to an extensive isolation proce- 
dure in order to investigate the interrelationship of steroid hormonal 
compounds. Although no adrenal cortical hormone activity was detected, 
a fraction was obtained which could contain the so called inactive adrenal 
steroids. A significant amount of estrogenic activity was found. Preg- 
nenolone (5-pregnen-3(3)-ol-20-one) was isolated and identified. 
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EXPLANATION OF PLATE | 


Fig. 1. X-ray powder patterns of 5-pregnen-3(8)-ol-20-one. Sample 36, natural 
product; Sample 47, synthetie product. Picker x-ray diffraction unit, Debye-Scherrer 
camera, copper radiation, nickel filter, KVP-48, MA-12. 
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THE UPTAKE OF GLUCOSE BY THE ISOLATED DIAPHRAGM 
OF NORMAL AND HYPOPHYSECTOMIZED RATS* 


By M. E. KRAHL anv C. R. PARKt 


(From the Departments of Pharmacology and Biological Chemistry, Washington Uni- 
versity School of Medicine, St. Louis) 


(Received for publication, March 16, 1948) 


It was reported (1) that the hexokinase reaction, glucose + adenosine 
triphosphate — glucose-6-phosphate + adenosine diphosphate, in extracts 
of muscle from diabetic rats could be inhibited by adrenal cortical extract, 
while the hexokinase activity in extracts of normal muscle was inhibited by 
a combination of anterior pituitary and adrenal cortical extracts. The in- 
hibition was in both cases relieved by insulin. 

In view of these findings, it became of interest to determine the extent to 
which the hexokinase reaction in muscle is controlled by insulin, adrenal 
cortical, and pituitary secretions. ‘To this end, observations on the rate of 
glucose uptake by rat diaphragm were begun. This rate should be a meas- 
ure of hexokinase activity in the muscle, since the hexokinase reaction is 
presumably the initial step in glucose utilization and is irreversible. 

In the initial series of experiments (2) it was found that the rate of glucose 
uptake by diaphragm from diabetic rats was depressed. This inhibition, 
appearing when insulin was lacking, could be counteracted, in part, by addi- 
tion of insulin to the diaphragm in vitro or by adrenalectomy. Villee, Si- 
nex, and Solomon (3), using C-labeled glucose, have reported that glucose 
use, glycogen deposition, and carbon dioxide production were decreased in 
diaphragms from diabetic rats and increased in diaphragms from adrenalec- 
tomized rats. 

The present experiments were carried out to determine whether hexoki- 
nase activity was increased in diaphragms from rats lacking pituitary secre- 
tions and whether insulin would have any effect on the reaction under these 
circumstances. 


Methods and Materials 


Animals--Young male rats from Anheuser-Busch, Inc. (Strain AB), and 
Sprague-Dawley, Inc. (Strain SD), were used. They were fed a diet of 
commercial dog biscuit described previously (2). 

Hypophysectomized Rats —The entire pituitary was removed by the para- 

* This work was supported by a research grant from Eli Lilly and Company. 


t Senior Research Fellow of the National Institute of Health, United States Public 
Health Service. 
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pharyngeal approach.! Hypophysectomized rats were maintained on the 
stock diet and water ad libitum, and were weighed twice weekly. About 10 
per cent of the hypophysectomized animals were rejected because of con- 
tinued weight gain, persistent testes, or gross pituitary residues. 

At necropsy, an examination for hypophyseal remnants was made. The 
region around the wound, the attached stalk, and the overlying brain were 
fixed. Serial sagittal sections, which included the entire wound and the 
stalk, were examined microscopically.2. In an effort to detect residual an- 
terior pituitary cells in the wound, two types of specific staining were 
tried: a modified Mallory’s trichrome stain following Bouin fixation (4), and 
an azocarmine method following Zenker fixation. No true anterior pitui- 
tary basophils or acidophils were found. There were, however, occasional 
small groups of glandular cells around the tip of the stalk or elsewhere in the 
wound. These cells were considered to be pars tuberalis on the basis of size 
of cells, the size, shape, and location of the nucleus, and the cytoplasmic 
staining. These residues were small; there subsequently proved to be no 
correlation between the presence or absence of such residues and the glucose 
uptake of the diaphragm of the animal in question. 

The adrenals were weighed and then fixed for histological examination. 
In confirmation of Deane and Greep (5) it was found that adrenals from 
hypophysectomized animals exhibited specific regression of the fascicular 
layer of the cortex. At 8 to 12 days after operation the thickness of the 
fascicular zone was about one-half to two-thirds that of the controls; by 70 
days after operation the atrophy had progressed to the point where the fas- 
cicular zone was so thin as to be barely distinguishable. 

Procedure for Handling Diaphragms—The diaphragm was removed as 
soon as possible after death and immersed immediately in ice-cold Krebs- 
Henseleit solution, previously equilibrated with 95 per cent oxygen-5 per 
cent carbon dioxide, which contained the same concentration of glucose as 
that subsequently to be used for measurement of glucose uptake. Each 
hemidiaphragm was cut transversely, yielding four pieces in all. 

Each piece was blotted and transferred to the chilled medium contained 
in the small cylindrical vessels previously used (2) or in 10 ml. Erlenmeyer 
flasks. The vessels containing medium and tissue were next attached to 
Warburg manometers by means of a rubber sleeve and equilibrated with the 
gas phase (95 per cent oxygen-5 per cent carbon dioxide). A channel to 
allow escape of gas between the glass of the manometer tip and the rubber 


1The hypophysectomies were performed by the staff of the Hormone Assay Labo- 
ratories, Chicago. 

* The authors are indebted to Mr. Joseph Albrecht for technical assistance in the 
preparation of slides. 

3Finerty, J. T., unpublished work. 
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sleeve can be maintained by means of a piece of wire which is removed after 
the equilibration. 

The vessels were shaken in a bath at 37° for the desired period, then re- 
moved, stoppered, and chilled in ice water. Samples for determination of 
residual glucose were removed and analyzed as previously described (2). 
Finally, the pieces of diaphragm were blotted and weighed on a torsion 
balance. 

Preliminary experiments showed that the rate of glucose utilization by 
normal diaphragm decreased rapidly during 2 hours incubation. These 
initial experiments also indicated that the magnitude of the stimulation of 
glucose uptake produced by 1 unit per ml. of insulin was greater at a 5 to 6 
em. amplitude of shaking than at a 2 cm. amplitude, presumably because 
of the better access of insulin to individual muscle fibers under conditions 
of greater agitation. It is now believed that this is the explanation for the 
fact that the percentage stimulation by insulin reported in a previous paper 
(2), though statistically significant, was smaller than the degrees of stimu- 
lation previously noted by Gemmill and Hamman (6) and by Stadie (7). 
Even under these improved conditions, it seems probable that insulin added 
to the medium cannot exert its full effect owing to poor penetration into 
the central part of the diaphragm. 

In view of these considerations, the rates of glucose uptake by dia- 
phragms from normal and from hypophysectomized rats were compared 
under two sets of conditions. In Series I the conditions were exactly the 
same as those used for the previous study (2) and permitted a direct com- 
parison of these with previous data. The initial glucose concentration of 
the medium was 100 mg. per cent, the shaking rate 96 cycles per minute at 
2 cm. amplitude, and the time of incubation 2 hours. In Series II the 
initial glucose concentration was increased to 140 mg. per cent, insulin 
concentrations of 0, 10-5, 10-4, and 1 unit per ml. were employed, the 
shaking rate was 96 cycles per minute at 5 cm. amplitude, and the time of 
incubation was reduced to 1 hour. 

Other manipulations and calculations were carried out as previously 
described (2). To minimize contamination of control samples with traces 
of insulin, all glassware and instruments were washed in hot soap or deter- 
vent solutions and then dried overnight at 160° before each experiment. 


Results 


All rates of glucose utilization are expressed as mg. per gm. of wet dia- 
phragm per hour. 

The results will be considered under three headings: (a) rate of glucose 
uptake by diaphragms from normal and hypophysectomized rats in absence 
of added insulin, (6) concentration of insulin required to produce stimulation 
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of glucose uptake in diaphragms from normal and hypophysectomized rats. 
and (c) relative response of diaphragms from normal and hypophysecto- 
mized rats to optimum concentrations of insulin. 


TABLE [ 


Glucose Uptake by Diaphragms from Normal and from Hypophysectomized Rats 

Series I, initial glucose concentration, 100 mg. per cent; 2 hours incubation: 
insulin concentration, 1 unit per ml. Hypophysectomized animals were fasted § 
hours prior to use, normal animals 18 to 22 hours. 


Glucose uptake, mg. per gm. wet tissue per hr. 


Rat No. Days after operation ’ 
In glucose In glucose + insulin 
1 2 oy ya 
2 4 1.9 2:3 
3 i i ae 2.6 
4 10 3.0 2.9 
5 12 3.3 oun 
6 14 2.3 3.1 
7 16 2.5 3.6 
8 16 2.1 3.3 
9 17 3.1 3.9 
10 17 2.3 3.8 
11 18 2.3 3.0 
12 18 2.9 4.7 
13 19 2.5 3.4 
14 19 2.4 7 
15 24 2.3 2.8 
16 25 2.3 3.6 
17 25 2.3 2.9 
18 31 2.3 3.7 
Mean for Rats 4-18 (10 or 2.5 + 0.08* 3.3 + 0.18 
more days after operation) 
Mean for 13 control rats run 1.6 + 0.06 2.3 + 0.15 


parallel to hypophysecto- 
mized series 


Test for significance of stimulation by insulin, hypophysectomized series, P 
<0.001; control series, P = <0.001. 

Test for significance of difference between hypophysectomized and normal series, 
no insulin, P = <0.001; with insulin, P = <0.001. 

* Standard error. 


Glucose Uptake without Added Insulin—-In Series | and IL the average 
increases in glucose uptake following hypophysectomy were 56 and 59 pet 
cent respectively. As shown in Tables I and IT, these increases were sta- 
tistically significant. 
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Fic. 1. The glucose uptake without added insulin of diaphragms from rats at 


various times after hypophysectomy compared on a percentage basis to the average 
uptake of diaphragms from normal rats. 


TaBLe IT 
Glucose Uptake by Diaphragms from Normal and from Hypophysectomized Rats 


Series II, initial glucose concentration, 140 mg. per cent; 1 hour incubation. All 
unimals were fasted 18 to 23 hours prior to use. 





Glucose uptake, mg. per gm. wet tissue per hr., at following concentrations of insulin 


Kat No. |A¥s ton RE steric 
0 10-5 10-4 | 1 
1 8 3.3 2.5 3.4 3.7 
2 22 4.7 4.3 4.4 | 6.2 
3 22 5.9 5.0 6.0 | 6.4 
4 23 4.4 4.0 5.6 
5 23 5.3 4.6 6.9 
6 24 3.5 27 4.4 5.0 
7 24 4.1 4.8 4.7 5.6 
8 44 4.0 4.4 5.0 6.0 
g 44 4.6 4.9 fe 6.6 
10 44 3.0 2.4 4.1 6.7 
11 69 4.2 4.1 | 5.7 4.9 
Mean 4.3 + 0.26* 4.0 + 0.29 5.2 + 0.39 5.6 + 0.27 
Mean for9 con- 2.7 + 0.19 3.2 + 0.28 3.9 + 0.35 4.5 + 0.28 
trols run 
parallel to 
hypophy- 
sectomized 
series 


Test for significance of stimulation by insulin. Hypophysectomized series, at 
10, none; at 10 4, P = 0.07; at 1 unit per ml., P = 0.003. Control series, at 10°, 
none; at 10“, P = 0.009; at 1 unit per ml., P = <0.001. 

Test for significance of difference between hypophysectomized and normal series, 
no insulin, P = <0.001; at 1 unit of insulin per ml., P = 0.01. 

* Standard error. 
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The over-all trend of change in glucose uptake relative to the controls 
over a period of 4 months after hypophysectomy is shown in Fig. 1. The 
data suggest that an increased uptake of glucose by diaphragm did not 
become clearly established until some 10 days after hypophysectomy. At 
this time a distinct atrophy of the adrenals was demonstrable. In the last 
group of eleven rats tested 85 to 119 days postoperatively, the average in- 
crease in glucose uptake was also slight and not statistically significant. 

Concentration of Insulin Required—With diaphragms from normal rats, 
10-° unit per ml. of insulin produced a marginal, though not significant, 
stimulation of glucose uptake, and 10~* or 1 unit per ml. produced a sig- 
nificant stimulation (Table II). The marginal concentrations are in agree- 
ment with the critical concentrations reported by others (6, 8). 

With diaphragms from hypophysectomized animals, on the other hand, 
10° unit per ml. produced no stimulation, and 10~¢ unit per ml. produced 
in a few animals a slight stimulation which was not statistically significant 
for the average of the series. The stimulation by | unit per ml. was statis 
tically significant, although there were a few experiments in which the 
stimulation was small or absent (Table I1). 

Effect of Optimum Concentration of Insulin—The absolute stimulations 
obtained with high concentrations of insulin were not statistically different 
in normal and hypophysectomized animals (Tables I and JT). 

The difference in degree of insulin stimulation between the results of 
Table I and Table IL is ascribed principally to the difference in time of incu 
bation and in degree of agitation of the samples. Statistical analysis shows 
that insulin stimulation at 1 unit per ml. was significant in both cases. 


DISCUSSION 


The present. experiments show that isolated skeletal muscle from hy 
pophysectomized rats uses glucose at a higher rate than normal. This is in 
agreement with previous observations on intact and on eviscerated hy 
pophysectomized rats (9-11). That insulin still increases the glucose up- 
take of the diaphragm of hypophysectomized rats is in harmony with the 
fact that injection of insulin causes hypoglycemia in such animals. 

According to the data of Table IT, the diaphragm from a hypophysecto- 
mized rat, unlike the whole animal, is not hypersensitive to low concentra 
tions of insulin. This suggests that the hypersensitivity of the fasted 
hypophysectomized animal is the result of a precarious balance between 
decreased glucose supply (because of diminished glycogen reserves and 
limited gluconeogenesis) and increased glucose use. A small amount of 
insulin, which produces a relatively small increase in glucose uptake in 
either normal or hypophysectomized rats, may thus precipitate a fatal 
hypoglycemia in the latter animals. 
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Since insulin still produces an increase in glucose uptake in diaphragms 
removed 10 to 119 days after hypophysectomy, it is evident that the hexo- 
kinase of muscle is not fully active, even in the absence of pituitary secre- 
tions. The source of this non-pituitary inhibition remains to be defined; it 
may well reside in the structural relationship of hexokinase to other cellular 
constituents; it may also be dependent on factors conveyed to muscle from 
tissues Other than pituitary. 

One of the reasons for working with the isolated diaphragm is to deter- 
mine the activity of the hexokinase system in a muscle with intact cell 
structure. The results so far obtained show that the diaphragm from a 
normal rat has a rate of glucose uptake corresponding to about 50 per cent 
of the maximum hexokinase activity! of that muscle; the corresponding 
values for diaphragm from diabetic and hypophysectomized rats are about 
25 and 75 per cent, respectively. A considerable part of the hexokinase 
activity of muscle is therefore under hormonal control. 


The authors wish to thank Dr. Carl F. Cori for his advice and encourage- 
ment during the course of this investigation. 


SUMMARY 


1. The glucose uptake of diaphragms from normal and hypophysecto- 
mized rats has been measured. The influence of insulin has also been 
determined, both on normal diaphragms and on diaphragms taken from 
rats from 2 to 119 days after hypophysectomy. 

2. Diaphragms taken from hypophysectomized rats during the period 
from 10 to 70 days after operation had rates of glucose uptake which were, 
on the average, about 60 per cent higher than normal. At less than 10 days 
or more than 80 days after operation, the difference in rates between the 
hypophysectomized and the normal groups was less marked. 

3. On diaphragms from normal rats, 10-4 unit per ml. of insulin produced 
a significant stimulation of glucose uptake and 10~° unit per ml. produced 
a marginal stimulation. On diaphragms from hypophysectomized rats 
neither of these concentrations produced a significant stimulation, while 
the next higher concentration tested, 1 unit per ml., produced a significant 
increase of glucose uptake in the majority of the cases. For a few dia- 
phragms from hypophysectomized rats in which the rate without insulin 
was extremely high, the stimulation by insulin was small or absent. 

4. The relation of these findings on isolated muscle to those previously 
observed on the intact animal is discussed. 


4 In this comparison the maximum rate of hexokinase activity in the diaphragm is 
the value obtained when insulin is added to a diaphragm taken from a hypophysecto- 
mized animal 10 to 70 days after operation. 
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A MICROVOLUMETRIC VAN SLYKE BLOOD GAS APPARATUS* 


By ARTHUR H. WHITELEYT 


(From the Physiological Laboratory, Princeton University, Princeton) 
(Received for publication, September 2, 1947) 


For an analysis of the removal of dissolved N» from the blood and tissues 
of cats (1, 2) a convenient and accurate method for the determination of 
the N» concentration in small amounts of blood was needed. The ingen- 
ious syringe micromethod of Edwards, Scholander, and Roughton (3) 
lacked sufficient sensitivity for part of the study, and it was desirable to 
have a method requiring less dexterity when large numbers of deter- 
minations were to be made. A micro version of the volumetric Van Slyke 
apparatus was devised in which 0.100 ml. samples of blood could be ana- 
lyzed with an accuracy of about 0.002 volume per cent. This paper de- 
scribes this instrument and the procedure for its use. 


Principle and Design 


In principle the method is that of the macrovolumetric Van Slyke pro- 
cedure, the vacuum extraction of gases from a known volume of the fluid 
being analyzed, followed by differential absorption of the gases. The 
volume of extracted gas is read at atmospheric pressure. 

The design of the instrument! is shown in Figs. 1 to 4. The lower limit 
for the bore of the capillary burette (Fig. 1, A, a), used for measuring the 
volume of the gas bubble extracted from the sample, is set by the facility 
with which reagents may be drawn through it. 0.25 mm. is a convenient 
diameter. Uniformity of bore? is determined by measuring (to 0.05 mm.) 
the length of a short thread of mercury at various positions along the length 
of the capillary; the capillary is calibrated by measuring the length of a 
long thread of mercury contained in it, and then determining the volume of 
the mercury from its weight. It is necessary to wet the walls of the capil- 
lary with water before filha. it with mercury, inasmuch as, in an actual 


* This work has been carried out under a contract recommended by the Committee 
on Medical Research between the Office of Scientific Research and Development and 
Princeton University. 

t Present address, Department of Zoology, University of Washington, Seattle, 
Washington. 

' The glass blowing was done by Mr. Leigh Harris, Department of Physics, Prince- 
ton University, and the machine work by Mr. Russell Mycock, Department of Bi- 
ology, Princeton University. 

? The capillary used in the present instrument was selected from stock by the 
Corning Glass Works. 
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determination of gas volume, there will be a thin film of water separating the 
bubble from the glass. 

The upper end of the burette, ground flat, protrudes above the water 
jacket and carries a glass cup (6) of 4 or 5 ml. capacity. The cup fits 
snugly over the end of the capillary and is held in place by stop-cock grease 
melted and allowed to flow uniformly between the glass surfaces. The total 
capacity of the instrument to c, Fig. 1, A, is 0.1000 ml. This pipette is 
used in measuring the sample of fluid to be analyzed. The bore of the en- 
largement should not be much greater than 1.5 mm. and the point of its 
attachment to the capillary burette should be smooth and gradually taper- 
ing. A gradual taper is advantageous at the lower end of this enlargement 
also. The pipette is calibrated, again after wetting its walls, by weighing 
its capacity of mercury. 

The volume from the top of the instrument to the line d is about 0.2 ml. 
Lines c and d are etched into the glass with hydrofluoric acid; scratching 
them with a diamond pencil weakens the glass to the extent that it is very 
likely to break during operation. 

The volume of the extraction chamber, e¢, is not critical; in the present in- 
strument it is 8 ml. 

The stop-cock, f,is a Corning Pyrex, standard taper stop-cock (catalogue 
No. 7450, 2mm. bore), reground occasionally with a very fine grinding com- 
pound. <A precision-ground stop-cock, with a large diameter in order to 
separate the openings by a greater distance, would be preferable, however. 
The stop-cock must be carefully ground and greased® to insure it against 
leaking. The arm, g, is bent to extend through the aluminum mounting 
panel. ‘To it is attached a trap and to this, in turn, a good aspirator. The 
arm leading to the Shohl trap must be bent downward as close to the body 
of the stop-cock as possible so that no pocket remains in the upper part of 
the bend that might trap bubbles of gas. 

The Shohl trap and mercury leveling bulb are standard. To avoid strain- 
ing the glass the weight of the mercury-filled rubber tube should be borne 
by a suitable clamp on the table or other support. 

The upper end of the instrument cannot be closed by means of a stop- 
cock because of the difficulty of accurately calibrating its bore, the possi- 
bility of small leaks, and the probability of losing part of the unknown fluid 
in the irregular crevices. In place of a stop-cock the device shown in 
Fig. 1, A, 7, and Fig. 1, B serves adequately. It consists essentially of a 
rubber seal seated over the capillary opening by a machine thread arrange- 
ment. 


3 The best grease of several tested is the old formula Lubriseal, a brick-red grease 
of heavy consistency sold by the Arthur H. Thomas Company. 
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Fic. 1. A, drawing and B, photograph of apparatus 
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To attain the maximum sensitivity of the instrument a lens to aid in 
reading the length of the extracted gas column and a device for eliminating 
parallax are necessary. The device used on the present instrument may be 
seen in Fig. 1, 6, and the principle of the antiparallax device is indicated 
in Fig. 2. A lens, a, is mounted in front of the capillary burette so that a 
meniscus, 6, within the capillary is in focus. A cross-hair, c, made of a 
fiber of very fine glass wool, is mounted close behind the lens and at right 
angles to the length of the capillary. Exactly half-way between the cross- 
hair and the lumen of the capillary a small mirror, d, is mounted, facing the 
lens. While one observes the meniscus through the lens from directly in 
front of the instrument, the mirror is brought into view from one side until 
its leading edge just begins to encroach on the image of the meniscus. 
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os ae 
C 
Fie. 2. Cross-hair and antiparallax device. A, lateral section; B, cross-section; 


(’, view of meniscus and image of cross-hair through lens. 


With the mirror correctly placed, one can see in it the image of the cross- 
hair projected onto the magnified view of the meniscus, with no parallax, as 
in Fig. 2, C. 

This whole assembly is mounted on a brass arm in such a fashion that 
each element is adjustable. Also carried on this arm is a metric scale ver- 
nier, reading to 0.05 mm. The arm is rigidly attached to the movable 
part of a rack and pinion from a discarded microscope for fine adjustments. 
This, in turn, is carried by means of a brass block on a 2 inch drill rod, 
mounted vertically on the aluminum panel, for coarse adjustment. ‘The 
block is held in position and prevented from swinging in an are on the dril! 
rod by a set screw that fits into a channel milled along the length of the 
rod. 


A steel metric rule is mounted on the aluminum panel parallel to the cap- 
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illary burette and in such a position that the vernier is juxtaposed to the 
scale along its entire length. The zero mark of the scale is at the bottom. 
By means of this assembly it is a simple matter to repeat measurements 
to 0.05 mm. anywhere along a linear distance of 20 cm. 

The instrument and measuring device are carefully mounted on a 3/16 
inch aluminum panel, cushioned at the points of contact by rubber. A 
rectangular area is cut out of the panel behind the capillary burette and 
extraction chamber to permit illumination of the apparatus by transmitted 
light. The yoke that carries the seal for the upper end of the capillary is 
held in place on the panel by means of a set screw so that it may be con- 
veniently removed. 

To lessen strain, the apparatus is shaken during an extraction by swing- 
ing the panel through a short are in the fashion of a door, rather than by 
rocking the top forward and backward as is customary with the macro 
Van Slyke apparatus. The panel is pivoted through a distance of 1 or 14 
inches at a rate of about 250 cycles a minute. 

The extraction chamber and pipette are illuminated from behind by 
either a fluorescent bulb or an incandescent one. In the latter case the bulb 
must be some distance in back of the apparatus in order not to heat it, and 
even then a heat-absorbing glass filter such as Solex' is desirable. 

In the determination of dissolved N» in blood, the analysis for which the 
instrument was originally designed, a number of solutions and accessory 
devices are required. Since, for the most part, these devices or modifica- 
tions of them would also be needed for any other determination for which 
the instrument might be used, they are described here. 

A gas-free solution of sodium hydrosulfite and sodium anthraquinone-s- 
sulfonate in KOH (15 gm. of a 10:1 mixture of the salts in 50 ml. of 1N 
KOH) is required for the absorption of Oz and COs, as in the standard 
macromethod (4). The solution is degassed by shaking approximately 
20) ml. of it in the extraction chamber of a standard manometric Van Slyke 
apparatus or similar device. The simplest and most effective method is to 
connect a good water aspirator with the extraction chamber through the 
exit tube at the top, after evacuating the extraction chamber in the usual 
fashion with the mercury leveling bulb. About 10 minutes of vigorous 
shaking will degas the solution more effectively than will a large number of 
repeated extractions. 

Once degassed, this solution is stored anaerobically in a LO ml. hypoder- 
mic syringe lubricated thoroughly with glycerol. The syringe is filled from 
the side tube at the top of the extraction chamber through a short length 
of rubber tubing. 

To transfer the solution anaerobically to the extraction chamber of the 


Obtained from the Pittsburgh Glass Company, Philadelphia. 
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micro Van Slyke apparatus an adapter similar to that shown in Fig. 3 is 
attached to the syringe (neither the piece of steel tube cemented in the 
needle socket nor the bend in the needle shaft is needed for this adapter). 
Solution is transferred from the syringe to the apparatus by holding the 
gasket of the adapter firmly to the upper end of the capillary burette, open- 
ing the lower stop-cock (with the mercury leveling bulb in the lower posi- 
tion), and expelling the fluid from the syringe. Solutions stored in a syringe 
in this fashion will be maintained in a gas-free condition for a very long time 
if the tip of the needle is kept immersed in mercury while not being used. 

The only other reagent required for Nz determinations is caprylic alcohol, 
to prevent foaming of the blood. This is carried in a 1 ml. syringe fitted 


SYRINGE H6 CEMENT 




















NO. 20 
SHAFT FROM NEEDLE 
NO. 25 NEEDLE 
TIGHT FITTING 
BRASS SHOULDER 
RUBBER 
GASKET 


Fic. 3. Hypodermic needle adapter for transferring blood anaerobically from the 
collecting syringe to the apparatus. 


with a hypodermic needle adapter. The alcohol is not degassed prior to an 
analysis. 

A third 5 ml. syringe for mercury is fitted with either a regular hypoder- 
mic needle or a glass pipette tip attached with rubber tubing. 


Procedure for N» 


For non-protein fluids which do not form a gummy coagulum with the 
reagents, no more than 10 minutes are required for a determination. About 
15 minutes are needed for blood because of the greater difficulty in cleaning 
the apparatus. 

1. The clean apparatus is filled with mercury from the leveling bulb, and 
a good vacuum is established in the side arm of the 3-way stop-cock (Fig. 
1, A, g). 

2. About 0.15 ml. of distilled water is drawn into the chamber from the 
cup, followed by mercury to displace the water from the pipette at least 
as far as the 0.1 ml. mark. 
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3. The seal is screwed firmly in place to close the capillary burette, and 
the extraction chamber is evacuated by means of the leveling bulb. A 
small amount of mercury is left in the chamber to aid in agitating the water 
during the subsequent extraction. 

4, The water is extracted with vigorous shaking for a minute. 

5. The shaker is stopped, the leveling bulb lowered further than was re- 
quired to evacuate the chamber in step (3), and the 3-way cock turned to 
connect the chamber with the leveling bulb. The gas-free water will be 
carried down into the stop-cock and the upper arm of the Shohl trap, dis- 
lodging any tiny bubbles of gas that may have been trapped there. This 
step is essential. 

6. Mercury is readmitted into the chamber and the extracted gas and 
water are ejected. 

7. A little more than 0.2 ml. of the alkaline hydrosulfite solution is run 
into the pipette from the storage syringe. There should be some water in 
the cup during this operation. 

8. About a em. of caprylic alcohol is run into the capillary burette. 

9. Mercury is added to the upper cup and slowly drawn into the appara- 
tus to clear the capillary and pipette of reagents at least as far as the 0.1 
ml.mark. It is essential for this step that the design and dimensions of the 
pipette be as specified earlier; otherwise the mercury will round up and drop 
freely through the enlarged part without clearing the hydrosulfite from the 
pipette. If the pipette is correctly made, the mercury will expand com- 
pletely into the enlargement, forcing the hydrosulfite ahead of it. 

10. The capillary is sealed and the chamber evacuated by the leveling 
bulb. If gas has not appeared in the chamber by the time the leveling bulb 
has reached the appropriate level, a light tap delivered to the top of the 
capillary seal will cause the mercury column to “break”’ directly under the 
seal, clearing the pipette of mercury and hydrosulfite. 

11. Extraction is effected by shaking for 2 minutes. 1 minute is ade- 
quate, but 2 minutes are used for safety. 

12. Mercury is readmitted to the chamber smoothly until the small 
bubble is in the capillary. The leveling bulb is held a cm. or two above 
the level of mercury in the chamber, the capillary is opened, and the bubble 
expelled from the apparatus along with hydrosulfite until the volume re- 
maining in the apparatus is Just 0.2 ml. 

13. Step (9) is repeated. 

14. The sample to be analyzed is admitted anaerobically to the pipette 
from the collecting syringe to the 0.1000 ml. mark by means of a needle 
adapter fitted with a rubber gasket, as with the hydrosulfite. 

15. Steps (9), (10), and (11) are repeated. O: and COQ, extracted from 
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the blood are absorbed by the alkaline hydrosulfite, and Ne, CO,' and the 
inert gases are extracted nearly completely into the free gas space. 

16. Mercury is carefully readmitted to the extraction chamber from the 
leveling bulb until the liquid has risen into the capillary burette about | 
or 2cem. The stop-cock is closed and the stopper sealing the capillary js 
opened, letting clean water from the cup down into the capillary on top of 
the extracted gas. By careful manipulation of the stop-cock and the level- 
ing bulb, a small amount of water is drawn through the burette to wash it. 
During this, the bubble of Nez is drawn into the pipette enlargement. Care 
should be taken to avoid breaking the bubble into smaller ones because it 
is sometimes difficult to make these coalesce, especially in protein solu- 
tions. If this does occur, the bubbles may be caused to coalesce by forcing 
them up into the capillary, or in any event by drawing a droplet of caprylic 
alcohol down on top of them. Washing can only be done with relatively 
insoluble gases such as Ne and even then excessive washing should be 
avoided. 

17. The bubble is run up into the capillary burette to a convenient level 
for reading. The upper limit of the gas column should always be brought 
to approximately the same level. 

18. The length of the column is measured by reading, in quick succession, 
the seale settings with the cross-hair at the top and bottom of the column. 
For maximum accuracy several measurements are averaged, being read 
alternately from the top to bottom and from bottom to top of the column. 
Readings on a bubble may easily be repeated to 0.05 mm. 

19. The barometric pressure and the temperature of the water jacket at 
the time of measurement are read. 

20. The instrument is cleaned for the next analysis. Solutions such as 
water, which form no precipitate with the hydrosulfite, are simply ejected 
through the capillary and drawn off from the cup by a suction tube. The 
apparatus is then ready for the next analysis. Steps (2) through (6) are 
omitted. With proteinaceous fluids, however, a gummy precipitate® forms 
which cannot be passed through the capillary. The mercury in the extrac- 
tion chamber is run into the leveling bulb, and as the last of it reaches the 
stop-cock the cock is turned to connect the chamber with the clean-out side 
arm (Fig. 1, A,qg). The contents of the chamber are sucked through it into 
the trap in the vacuum line, and the apparatus is cleaned by sucking first a 
detergent’ and finally distilled water through it. After rinsing, the stop- 


5 If CO is present in significant amounts, it is measured and corrected for by ab- 
sorbing it with Winkler’s reagent (4). 

6 The formation of this precipitate is markedly reduced if potassium hydroxide is 
used in preparing the hydrosulfite solution rather than sodium hydroxide. 

7 The neutral detergent Drene, diluted 50 per cent with water, is very satisfactory. 
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cock is closed and a vacuum reestablished in the clean-out side arm. By 
maintaining a vacuum in this arm the danger of air leaking from it into the 
extraction chamber during an analysis is eliminated. 

Calculations —Concentration of No is calculated from the following equa- 
tion. 


: ; length of gas column in mm. * a X b X 100 
Volumes © = : 


100 microliters 

100 microliters is the volume of the fluid analyzed. a, the number of 
microliters per ml. of capillary, is the calibration factor of the capillary 
burette. The factor 6 corrects the volume of moist gas at room temperature 
and pressure to the volume of dry gas at standard conditions (determined 
from Table 15, p. 129, of the text of Peters and Van Slyke (4)). However, 
there are two corrections which must be made to the apparent barometric 
pressure in order to determine the actual gas pressure inside the gas column. 
One of these results from the hydrostatic pressure of the column of water in 
the capillary above the gas bubble, equal to the length of the column of 
water divided by the density of mercury, 13.5. This pressure is added to 
the barometric pressure. The second correction results from the inwardly 
directed pressure due to surface tension at the two menisci of the gas 
column. Ina capillary of small diameter this may become very appreciable. 
Its magnitude may be calculated from the relation, p = 2 y/r X 7.501 X 
10-*, where p is the pressure, in mm. of mercury, within a gas bubble of 
radius of curvature r cm., in a liquid whose surface tension at the gas-liquid 
surface is y. The constant converts dynes per sq. cm. to mm. of mercury. 
This relation is applicable to the present calculation because, to a first ap- 
proximation, the radius of curvature of a meniscus in a capillary of small 
diameter, and when the contact angle is zero, is the same as the radius of the 
vapillary. The two menisci are, then, hemispheres, and together constitute 
a sphere. The liquid is assumed to be pure water, though undoubtedly 
some surface tension-lowering impurities are present. In the present in- 
strument this correction amounts to 7.4 mm. of mercury, which must also 
be added to the barometric pressure. 

The ¢ correction of Peters and Van Slyke, used to make allowance for the 
gas unextracted from the liquid phase when equilibrium has been reached, 
is negligible (0.06 per cent) in the present instrument for the determination 
of No, because of the much larger ratio of volume of the fluid phase to vol- 
ume of the extraction chamber in the micro instrument than in the macro- 
manometric apparatus. 

Reabsorption of gas during the process of reestablishing atmospheric 
pressure after extraction and during the time required to read the gas vol- 
ume is negligible in this instrument, as in the macrovolumetric instrument, 
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if the gas is No. Repeated washing of the extracted N» bubble with distilled 
water does not appreciably alter its volume. 

Another small correction results from the hemispherical nature of the 
meniscus at the ends of the gas cylinder. In measuring the length of the 
bubble the cross-hair is set at the bottom of the meniscus, the fact that the 
meniscus is curved being neglected. The error is constant for all measure- 
ments and, if of sufficient magnitude, the volume of gas as measured can 
be corrected for it before reducing it to the volume at standard conditions. 
In the present instrument it is of approximately the same magnitude as the 
over-all error of the method. 

Sensitivity and Accuracy of Method—The limit of sensitivity of the present 
instrument is 0.0027 microliter or 1.20 * 10- mole of gas. This corres- 


TABLE [ 
Determination of Dissolved N» in Distilled Water 
Five analyses were made of each sample. 


N» concentration 
Standard error 





Calculated Determined 

vol. per cent vol. per cent ol. per cen 
1.158 1.159 +0.0005 
0.576 0.576 +0.0008 
0.571 0.575 +0 .0007 
0.457 0.458 +.0.0007 
0.356 0.365 +0.0004 
0.135 0.137 +0.0010 


ponds to a difference in gas bubble length of 0.05 mm. in the capillary bu- 
rette. 

To determine the accuracy of the instrument and its reproducibility on 
repeated analyses of the same solution, analyses of water containing known 
amounts of Ne were made. ‘Two lots of water were equilibrated in tonom- 
eters, one with air and the other with oxygen of known N, content, and 
the Nz concentrations in the samples calculated from the absorption co- 
efficient and tension of Ne in the tonometer. Water with intermediate 
concentrations was prepared by mixing known amounts of these two sam- 
ples in a 10 ml. syringe. 

It is evident from the results of these test analyses, summarized in ‘lable 
[, that both the absolute accuracy and the reproducibility are quite high 
regardless of whether the concentration of N. in the sample is high or very 
low, and are equal to the limit of sensitivity of the measuring device. 

For these determinations the apparatus was not cleaned between analyses 
by the method described in step (20). To determine whether the cleaning 
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procedure adversely affects the reproducibility of the method, a sample of 
blood was analyzed ten times with the cleaning technique. The mean con- 
centration of the ten determinations, with the standard error, was 1.009 + 
0.0006 volumes per cent, giving the same reproducibility as with the water 
samples. 

Blood Sampling—In the study of denitrogenation of cats (1, 2) two 
methods of obtaining blood samples were used. For larger vessels such as 
the postcaval vein and the dorsal aorta 1 ml. syringes and No. 26 needles 
were used. For very small blood vessels, such as drain a single muscle or a 
fat deposit in the cat, the syringe was unsatisfactory because of the diffi- 
culty in piercing the small vessels with a hypodermic needle and the long 
time required to obtain suitably large samples. In its place a method with 
use of a glass sampling tube has been devised. 

The following technique is employed with syringes. ‘The syringe is first 
thoroughly wet with water. A little Carbowax, No. 1500,' is placed on the 
ground tip of the syringe, the needle is firmly seated in place, and the wax is 
melted to effect an air-tight seal. Bubbles are then removed from the 
syringe and needle, and the syringe is rinsed two or three times with an 
anticoagulant solution (5 per cent sodium oxalate and 1.5 per cent sodium 
fluoride), air bubbles being avoided. Glycerol is applied liberally to the 
socket at the top of the syringe so that it will be carried down between the 
barrel and plunger. <A gas-free solution of the anticoagulant is prepared in 
a standard manometric Van Slyke apparatus as described above for sodium 
hydrosulfite. A short piece of gum rubber tubing with a pinch-cock at one 
end is attached to the side arm of the extraction chamber. Some of the 
gas-free solution is washed through this and the pinch-cock is closed. The 
anticoagulant (not degassed) in the syringe is ejected completely, the rubber 
tubing punctured, and the gas-free solution drawn into the syringe to rinse 
the needle and syringe thoroughly. About 0.2 ml. of the anticoagulant is 
left in the syringe to be ejected immediately before introduction into the 
blood vessel. The amount of oxalate left in the socket of the needle and 
on the walls of the syringe will prevent clotting in 1 ml. of blood. 

The use of gas-free anticoagulant prevents contamination of the sample 
with an unknown amount of Ne, but a correction must be made for the dilu- 
tion of the blood by the anticoagulant solution. For this the volume of the 
dead space of the syringe and needle must be known, and the syringe should 
be recalibrated at the 1 ml. mark. These volumes are calculated from the 
weights of the syringe and needle when dry, filled completely with water to 
the 1 ml. mark, and after the water has been ejected. Among twenty-three 
syringes, the greatest variation in volume at 1 ml. was 0.028 ml. The 

* Obtained from the Carbide and Carbon Chemicals Corporation, 30 East 42nd 
Street, New York. 
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volume of the dead space varied between 0.044 and 0.036 ml., with a mean 
of 0.040 ml. The variation in the dead space of needles of the same size 
is not great. 

To seal the syringe after drawing the sample, the needle is removed and 
about 0.05 ml. of mercury is drawn into the syringe, the tip of which is then 
closed with the finger. The blood is thoroughly mixed by rolling the drop 
of mercury back and forth in the syringe, and is stored by placing the 
syringe tip down in a beaker of ice water containing about a half inch of 
mercury. Glycerol is again applied to the top of the syringe between the 
barrel and the plunger to improve the seal and prevent freezing of the 
syringe. - 

The blood is transferred to the analyzing apparatus through the special 
needle adapter shown in Fig. 3. When attaching this adapter to the 
syringe, the socket is first filled with mercury and the syringe is then intro- 
duced, displacing the mercury as it is seated. The sample is thoroughly 
mixed and some of it is ejected through the adapter to clear it of air. The 
design of the adapter and the precautions in its use eliminate air that might 
otherwise be trapped in the socket of the adapter and contaminate the 
sample. Without the smaller tube that projects into the syringe tip, erratic 
results in repeated analyses of a sample are frequently obtained. The 
shaft is bent at right angles to prevent mercury from passing into the ana- 
lyzing apparatus during transfer. 

The glass capillary sampling tube used for small blood vessels is shown 
in Fig. 4, A. The fine, sharply beveled tip is comparatively easy to insert 
into even a small vein. It contains 0.15 to 0.2 ml. of blood. ‘The tip 
offers the only problem in the construction. It is made, after the two tapers 
have been drawn in the glass, by holding the tip lightly against the side 
of a small motor-driven grindstone of the type used in dental grinding 
apparatus. A very good bevel can be made on microscopically fine tips 
in this way if the motor is fairly vibration-free and the stone of fine grade. 

In preparing the capillary for use the device shown in Fig. 4, B is con- 
venient. The tip of a clean, dry capillary is inserted through a pinhole in 
the rubber sheet and down into the mercury. A few mm. of mercury are 
drawn into the capillary. The tip is lifted into the saturated, N,-fiee’ 
sodium oxalate and an equal amount of this is drawn up, followed finally 
by another mercury seal. The sharp tip of the capillary is then forced 
through the vein wall and a sample slightly in excess of 0.1 ml. is drawn 
up, carrying the first two mercury seals and the anticoagulant ahead of it. 
Another mercury seal is taken into the tip after the blood. With a finger 


® N; is removed from the solution by bubbling pure O, through it for 1 or 2 hours. 
The solution is transferred by means of a syringe, and maintained N>2-free by keeping 
it under O2 . 
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held over the open back end of the capillary, a tiny bead of mercury is 
shaken loose from this last seal and is caused to roll back and forth through 
the blood to mix it thoroughly with the anticoagulant which has wet the 
walls. The beveled tip is then sealed in a micro flame and the tube stored 
in a refrigerator until analyzed. Samples are analyzed as soon as possible 
because the amount of anticoagulant is barely sufficient to prevent coagu- 
lation. 

In transferring the sample from the capillary to the analyzing apparatus, 
the blood is first thoroughly mixed with the aid of the droplet of mercury. 
The tip of the capillary is then cut off with a carborundum point about 2 
mm. from the shoulder at the start of the first taper, and a rubber gasket 
of the type used on the needle adapters is pushed onto the tip up to this 
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Fic. 4. A, glass capillary tube for sampling small blood vessels; B, device for 
charging the tube with No-free anticoagulant. 


shoulder. ‘he mercury seal is then forced out by carefully applied pres- 
sure and the sample is transferred in the usual way. 

Analysis of Other Gases—Although little experience has been had in 
using this instrument with gases other than Ne, there should be no difficulty 
in adapting it to the relatively insoluble gases such as O2 and CO. For 
measuring the O. content of blood it would be advantageous to use a con- 
siderably smaller sample of blood than 0.1 ml. in order that the quantity 
of O» released will not exceed the capacity of the capillary burette (0.01 
ml. would yield a column of O, 5 em. long in the burette). A sample of 
any size can be used in the instrument if the pipette is calibrated at regular 
intervals, measured by the cross-hair device. 

In the analysis of very soluble gases such as CO, the instrument suffers 
by comparison with the standard manometric Van Slyke apparatus in 
that the final measurement is made at 1 atmosphere of pressure, at which 
the tendency for resolution of the gas is greater. Even then, preliminary 
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experience with saturated salt solutions to lessen the solubility of C0, 
and saturated sodium monobasic phosphate in place of lactic acid to liberate 
CO, from carbonate, gives hope for reasonable accuracy on samples of 
plasma of only 3 or 4 microliters (measured in the capillary burette), 

It is probable that any analysis that can be performed on the macro 
Van Slyke apparatus can also be carried out with the micro instrument, 
frequently with an increase in accuracy and a decrease in time. 


It is a pleasure to acknowledge the interest and many helpful suggestions 
of Professor E. Newton Harvey and Dr. William D. McElroy during the 
development of this apparatus. 


SUMMARY 


A microvolumetric Van Slyke apparatus for the determination of minute 
amounts of dissolved gases has been devised by which differences in gas 
volume of 0.0027 microliter, or 1.20 X 10~"° mole, of gas can be measured. 
The procedure is described for the determination of dissolved Nz in 0.100 
ml. of fluid. 10 to 15 minutes are required, and analyses may be repeated 
with a standard error of about +0.0008 volume per cent on samples varying 
in concentration from 1.0 to 0.1 volume per cent. Applicability to other 
determinations is discussed. 
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THE ENZYMATIC MECHANISM OF OXIDATION-REDUCTIONS 
BETWEEN MALATE OR ISOCITRATE 
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AND SEVERO OCHOA 


From the Depariments of Pharmacology and Chemistry, New York University College 
of Medicine, New York) 


(Received for publication, March 23, 1948) 


The discovery of carbon dioxide assimilation by heterotrophic bacteria 
(1) and animal tissues (2) aroused considerable interest in the mechanisms 
involved. Evidence from various sources suggested the Wood and Werk- 
man reaction, 7.e. the carboxylation of pyruvate to oxalacetate, as a major 
pathway (3). 

Evans, Vennesland, and Slotin (4) discovered that pigeon liver extracts 
fixed CO» in the presence of malate (or fumarate), pyruvate, and catalytic 
amounts of manganous ions and of either diphosphopyridine nucleotide 
(DPN) or triphosphopyridine nucleotide (TPN), while catalyzing the over- 
all Reaction 1. 


(1) Malate (or fumarate + H.O) + pyruvate ~ pyruvate + CO, + lactate 


This is essentially a dismutation between malate, which is oxidized and 
decarboxylated to pyruvate + COs, and pyruvate, which is reduced to 
lactate; it will be referred to as the malate-pyruvate dismutation. 

Further work (4, 5) suggested that Reaction 1 is the net result of the 
following reactions. 


(2) Fumarate + H.O @ malate 


3) Malate + pyridine nucleotide = oxalacetate + dihydropyridine nucleotide 





* Aided by grants from the United States Public Health Service, the Rockefeller 
Foundation, the Penrose Fund of the American Philosophical Society, and the 
American Cancer Society (recommended by the Committee on Growth of the National 
‘esearch Council). A preliminary report of part of this work has appeared (Federa- 
tion Proc., 6, 278 (1947)). Part of the material in this paper was taken from a thesis 
submitted by Alan H. Mehler to the Graduate School of Arts and Sciences of New 
York University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, March, 1948. 

+ Present address, Weizmann Institute of Science, Rehovoth, Palestine. 

t Division of Physiology, National Institute of Health, United States Public 
Health Service. 

§ Present address, Laboratory of Physiological Chemistry, University of Wisconsin, 
Madison. 
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(4) Oxalacetate — pyruvate + CO: 
(5) Pyruvate + dihydropyridine nucleotide = lactate + pyridine nucleotide 


Reversibility of the above reactions was indicated by the incorporation 
of isotopic CO, in the carboxyl groups of the various acids (6). Reactions 
2, 3, and 5 are catalyzed by the enzymes fumarase, malic dehydro- 
genase, and lactic dehydrogenase respectively, which are present in large 
amounts in pigeon liver extracts. An enzyme catalyzing Reaction 4 from 
left to right, in the presence of Mn**, was discovered in Micrococcus lyso- 
deikticus by Krampitz and Werkman (7) and in pigeon liver extracts by 
Evans et al. (4). 

Since it should be possible to study the combined result of Reactions 3 
and 4, z.e. Reaction 6, by spectrophotometric methods as in the case of 
the isocitric dehydrogenase-oxalosuccinic carboxylase system (8), attempts 


(6) Malate + pyridine nucleotide @ pyruvate + CO». + dihydropyridine nucleotide 


were made to reconstruct Reactions 1 and 6 with a combination of puri- 
fied enzymes. The enzymes used were malic dehydrogenase (9), crystalline 
lactic dehydrogenase (10), and a partially purified oxalacetic carboxylase 
from Micrococcus lysodeikticus, the preparation of which will be described 
in this paper. The results were completely negative. 

Further investigation of the properties of pigeon liver extracts and of 
ammonium sulfate fractions thereof showed that Reaction 1 specifically 
requires TPN as coenzyme. These observations led to the discovery of an 
enzyme in pigeon liver which, with TPN as coenzyme, catalyzes the revers- 
ible oxidative decarboxylation of /-malic acid to pyruvic acid and CQz (11). 

The purification and properties of the new enzyme are described in the 
following paper (12). The purified pigeon liver enzyme, which still con- 
tains some lactic dehydrogenase, catalyzes Reaction 1, in the presence of 
Mn** and TPN, with /-malate and pyruvate as initial reactants; addition 
of crystalline lactic dehydrogenase accelerates the rate of this reaction. 

Moulder, Vennesland, and Evans (5) described a reaction between iso- 
citrate and pyruvate, yielding a-ketoglutarate, CO2, and lactate (Reaction 
7) catalyzed by pigeon liver extracts in the presence of Mn** and either 


(7) Isocitrate + pyruvate — a-ketoglutarate + CO. + lactate 


DPN or TPN. It is essentially a dismutation whereby isocitric acid is 
oxidized and decarboxylated to a-ketoglutarate and CO, while pyruvate is 
reduced to lactate, and will be referred to as the isocitrate-pyruvate dismu- 
tation. This reaction, which should be catalyzed by the enzymes isocitric 
dehydrogenase, oxalosuccinic carboxylase, and lactic dehydrogenase, was 
reported to occur only in pigeon liver extracts or after supplementing other 
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tissue preparations with fractions from pigeon liver (5). Since the muscle 
and heart preparations used contain the above enzymes (5, 13), it was desir- 
able to investigate this problem further. 

We found that the isocitrate-pyruvate dismutation readily occurs in 
extracts of washed, acetone-dried, pig heart (which contains the isocitric 
and oxalosuccinic enzymes but little or no lactic dehydrogenase) when 
supplemented with crystalline lactic dehydrogenase, Mn**, and TPN. 

Here again, as would be expected from the TPN-specificity of isocitric 
dehydrogenase (8, 14), the reaction is strictly TPN-specific and this is true 
also if pigeon liver preparations are used. 

In the course of this work it has been found that crude pigeon liver prep- 
arations catalyze the conversion of DPN to TPN in the presence of adeno- 
sine triphosphate (ATP). Such a conversion had been previously observed 
by Adler e¢ al. (15) in yeast Lebedev juice. This finding may help to 
explain the difficulties in demonstrating the true pyridine nucleotide speci- 
ficity of the above dismutations. 

Since the reductant system in both the malate-pyruvate and the iso- 
citrate-pyruvate dismutation is TPN-specific, whereas the oxidant system, 
lactic dehydrogenase, was considered to be DPN-specific, there remained 
the question of how the electron transfer between the two systems takes 
place. This was investigated by Moulder et al. (5) who reached the con- 
clusion that the lactic (and also the malic) dehydrogenase of pigeon tissues 
can react with either DPN or TPN. 

On reinvestigating the pyridine nucleotide specificity of various dehydro- 
genases, by direct spectrophotometric measurement of the oxidation or 
reduction of the nucleotide, we found that lactic and malic dehydrogenases 
from various sources, whether crude or pure, can indeed react with either 
DPN or TPN, although the reaction with the former is much faster. Glu- 
tamic dehydrogenase (liver) was found, in confirmation of von Euler et al. 
(16), to react equally fast with either nucleotide. Crystalline triose phos- 
phate dehydrogenase (17) was found to be strictly DPN-specific, whereas 
isocitric dehydrogenase (pig heart, pig liver, pigeon liver) is strictly TPN- 
specific. 


EXPERIMENTAL 


Malate-Pyruvate Dismutation—Catalysis of this dismutation by dialyzed 
aqueous extracts of acetone powder of pigeon liver is shown in Fig. 1 
(Curves 1, 2, 4). Preparation of the extracts and experimental conditions 
were similar to those described by Moulder et al. (5). Fig. 1 also shows 
that the pigeon liver enzymes cannot be replaced by mixtures of purified 
malic dehydrogenase, oxalacetic carboxylase, and lactic dehydrogenase 
(Curve 3), containing these enzymes in much higher quantities than those 
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present in effective amounts of pigeon liver extract. Not only is there no 
reaction with the mixture of purified enzymes, but the addition of such 
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Fic. 1. Failure of purified malic dehydrogenase, oxalacetic carboxylase (from 
Micrococcus lysodeikticus), and lactic dehydrogenase to catalyze the malate-pyruvate 
dismutation. 0.05 m acetate buffer, pH 5.2, 5 micromoles of MnCl, 0.106 micromole 
of DPN, 10 micromoles of l-malate (224 c.mm.), and 48 micromoles of pyruvate with 
other additions as indicated. Final volume 2.4 cc. Gas, air. Temperature, Curves 
1, 2, and 3, 38°; Curves 4 and 5, 30°. The reaction was started by tipping in sub- 
strates from the side bulbs of Warburg vessels after temperature equilibration. 
Curve 1, 1 cc. of dialyzed pigeon liver extract with about 30 mg. of protein. Curve 2, 
0.2 ec. of pigeon liver extract. Curve 3, pure malic dehydrogenase (14,000 units), 
purified oxalacetic carboxylase from Micrococcus lysodeikticus (200 units), and 
crystalline lactic dehydrogenase (40,000 units). Curve 4 (@), 0.5 ec. of pigeon liver 
extract. Curve 5 (A), 0.5 ec. of pigeon liver extract, malic dehydrogenase (5600 
units), oxalacetic carboxylase (200 units), and crystalline lactic dehydrogenase 
(20,000 units). 1.0 cc. of pigeon liver extract contained 3600 units of malic dehydro- 
genase, 160 units of oxalacetic carboxylase, and 2400 units of lactic dehydrogenase. 


mixtures to pigeon liver extract does not affect the rate of dismutation 
obtained with the latter alone (Fig. 1, cf. Curves 4 and 5). Inorder to check 
on the possibility of inactivation of the purified enzymes during the experi- 
ment, suitable aliquots of the reaction mixtures were assayed for the various 
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enzymes at the end of the manometric runs; recoveries between 50 and 100 
per cent were obtained.’ 
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Fig. 2. Malate-pyruvate dismutation with crude pigeon liver enzymes. The 
enzyme was prepared by precipitating an aqueous extract of acetone-dried pigeon 
liver with saturated ammonium sulfate at 0°. The precipitate between 0.38 and 
0.65 saturation was dissolved in a minimum volume of water and the solution was 
dialyzed at 34° for 15 hours against 0.025 m phosphate buffer, pH 7.4, 0.1 m acetate 
buffer, pH 5.2, 5 micromoles of MnCl., 8.5 micromoles of l-malate (190 c.mm.), 50 
micromoles of pyruvate, and 0.5 ec. of enzyme with other additions as indicated. 
Final volume 2.0 ce. Gas, air; temperature, 38°. The reaction was started by 
tipping in substrates from the side bulbs of Warburg vessels after temperature 
equilibration. Curve 1, either no further additions or 5 micromoles of ATP; Curve 
2, 0.5 micromole of DPN; Curve 3, 0.5 micromole of DPN and 5 micromoles of ATP; 
Curve 4, 0.135 micromole of TPN. 


On reinvestigation of the pyridine nucleotide specificity of the malate- 
pyruvate dismutation it became apparent that, even after prolonged 
dialysis, extracts are unsuitable for this purpose because there is little 


‘For a description of the enzyme tests and definition of units see the section 
“Methods.”’ 
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stimulation of the reaction rate by pyridine nucleotides beyond that caused 
by Mn** (ef. also Moulder et al. (5)). A dialyzed ammonium sulfate 
fraction, prepared from the extracts by precipitation between 0.38 and 
0.65 saturation, proved much more satisfactory. When this preparation 
is used in place of the extracts, although the basal rate of dismutation on 
addition of Mn+ alone is not insignificant, there is not much further stimu- 
ation by DPN. Addition of TPN accelerates the reaction very markedly 
(Fig. 2), suggesting that the malate-pyruvate dismutation is TPN-specific, 

If a combination of ATP and DPN is substituted for TPN, one obtains 
dismutation rates not much below those obtained with TPN itself. It 

TABLE | 
Enzymatic Synthesis of TPN from DPN and ATP in Ammonium Sulfate Fractions of 
Pigeon Liver 

Enzyme preparation, composition of reaction mixtures, and experimental condi- 
tions as in Fig. 2. Experiments 1 and 2 were carried out with preparations from dif- 
ferent livers. 


Nucleotide added 


Experiment No. Incubation time TPN found 
ATP DPN TPN 
micromoles micromole micromole min. micromole 
1 110 0 
5 110 0 
0.5 110 0.004 
5 0.5 110 0.04 
0.135 110 0).04 
0.135 0 0.087 
2 70 0.005 
5 70 0.008 
0.5 70 0.008 
1.25 0.5 50 0.024 
2.50 0.5 50 0.037 
5 0.5 70 0.087 
0.135 70 0.061 


could be shown that, under these conditions, there occurs a synthesis of 
TPN; this is illustrated in Table I in which Experiment 1 corresponds to 
that of Fig. 2. The TPN estimations were carried out as described 
under ‘“‘Methods.”’ It may be seen (Table I, last sample of Experiment 1) 
that on boiling a sample immediately after addition of 0.135 micromole of 
TPN only 0.087 micromole, or about 65 per cent, was recovered, the re- 
mainder being probably carried down by the heavy protein precipitate. 
Hence a correction for recovery was applied to the values for found TPN 
given in Fig. 2. It will also be observed (Table I) that added TPN disap- 
pears on incubation; whether by degradation to DPN or otherwise is 
unknown. 
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As already stated, the above results led to the isolation from pigeon liver 
of a TPN-specifie enzyme which catalyzes the oxidative decarboxylation 
of /-malic acid to pyruvic acid and CO,. The malate-pyruvate dismutation 


is catalyzed by this enzyme together with lactic dehydrogenase. The 
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Fic. 3. Malate-pyruvate dismutation with purified pigeon liver enzyme. The 
complete system (Curve 7) contained 0.1 m acetate buffer, pH 5.2, 5 micromoles of 
MnCl., 15 micromoles of /-malate (336 ¢.mm.), 60 micromoles of pyruvate, 0.135 
micromole of TPN, excess of erystalline lactic dehydrogenase, and liver enzyme 
(specific activity 450) with 290 y of protein. Curve 6, without lactic dehydrogenase. 
There was no reaction if either liver enzyme or TPN was omitted, if fumarate was 
substituted for malate, or if DPN (0.21 micromole) was substituted for TPN, either 
without or with 5 micromoles of ATP (Curves 1 to 5). Final volume 2.1 ce. Gas, 
air; temperature, 38°. The reaction was started by tipping in substrates from the 
side bulbs of Warburg vessels after temperature equilibration. 


experiment illustrated in Fig. 3 was carried out with the purest preparation 
available of the pigeon liver enzyme (specific activity 450; see Ochoa et al. 
(12)). This preparation still contains some lactic dehydrogenase but in 
amounts insufficient for a maximum rate of dismutation. Under these 
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conditions, the reaction is accelerated by addition of crystalline lactic 
dehydrogenase. Since the purified enzyme is free from fumarase and other 
enzymes originally present in pigeon liver extracts and crude ammonium 
sulfate fractions, undesirable side reactions are excluded. Thus, the reac- 
tion proceeds only in the presence of /-malate, pyruvate, Mn**, and TPN. 
DPN, with or without ATP, has no effect, and fumarate is inert when sub- 
stituted for malate. 

A chemical balance of the malate-pyruvate dismutation, carried out 
with ammonium sulfate fractions of pigeon liver (Table II), is in complete 
agreement with Equation 1, as reported by Evans et al. (4). It will be 
observed that, with the crude enzyme used, fumarate reacted as well as 
malate and also that all of the dicarboxylic acid reacts if sufficient time is 


TABLE II 
Chemical Balance of Dismutation between Malate and Pyruvate 


0.08 m acetate buffer, pH 5.2, 5 micromoles of MnCl., 0.135 micromole of TPN, 
8.9 micromoles of pyruvate, and 1.0 cc. of pigeon liver enzyme (dialyzed ammonium 
sulfate fraction as in Fig. 2), with other additions as indicated. Final volume 2.5 
ec. Gas, air; temperature, 38°. The reaction was started by tipping in fumarate 
or malate from the side bulbs of Warburg vessels after temperature equilibration. 
Incubation, 100 minutes. The results are expressed in micromoles. 


oa Additions A CO: Alactate A pyruvate 
1 Fumarate (13.4 micromoles) +13.4 +13.4 — 0.33 
2 l-Malate (13.4 bs ) +13.6 +11.8 —0.40 
3 < 66886 ee +33.3 +28 .2 —0.23* 


*Determined enzymatically with lactic dehydrogenase. 


allowed. This fact, which had already been noted by Moulder et al. (5), 
has been made use of for a rapid and specific determination of malate (12). 

Tsocitrate-Pyrwate Dismutation—The occurrence of this reaction in 
pigeon liver extracts, as described by Moulder et al. (5), was confirmed. 
However, with dialyzed ammonium sulfate fractions, the reaction was 
found to be TPN-specific (Fig. 4). With extracts of washed, acetone-dried, 
pig heart (which contain large amounts of isocitric (and malic) dehydro- 
genase and oxalosuccinic carboxylase, but little or no aconitase or lactic 
dehydrogenase (13)) there is a rapid reaction as soon as a mixture of extract, 
isocitrate, pyruvate, Mn++, and TPN is supplemented with crystalline 
lactic dehydrogenase; DPN cannot replace TPN (Fig. 4). Extracts of 
acetone-dried pig liver also catalyze the reaction with TPN as coenzyme. 
These results support the view that the isocitrate-pyruvate dismutation is 
catalyzed by isocitric dehydrogenase, oxalosuccinic carboxylase, and lactic 
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dehydrogenase, and is strictly TPN-specific. A chemical balance of this 
dismutation, as catalyzed by pig heart extract together with lactic dehy- 
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Fic. 4. Isocitrate-pyruvate dismutation. 0.08 m acetate buffer, pH 5.2, 5 micro- 
moles of MnCl, 20 micromoles of dl-isocitrate (224 ¢.mm.), 50 micromoles of pyruvate, 
and either 1.0 ec. of pig heart extract (Curves 1 to 4) or 0.5 ce. of dialyzed ammonium 
sulfate fraction of pigeon liver extract (fraction obtained between 0.33 and 0.56 sat- 
uration with ammonium sulfate; otherwise as that described in Fig. 2 except that 
the dialyzed solution was kept for 2 days at 3-4° before use) (Curves 5 and 6), with 
other additions as indicated. Final volume 2.5 ce. Gas, air; temperature, 38°. The 
reaction was started by tipping in substrates from the side bulbs of Warburg ves- 
sels after temperature equilibration. Curve 1, 0.07 micromole of TPN; Curve 2, 
crystalline lactic dehydrogenase; Curve 3, lactic dehydrogenase and 0.1 micromole 
of DPN; Curve 4, lactic dehydrogenase and 0.07 micromole of TPN; Curve 5, 0.1 
micromole of DPN; Curve 6, 0.07 micromole of TPN. 


drogenase, is shown in Table ITI and agrees with that obtained by Moulder 
et al. (5) with pigeon liver extracts. 
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TaBLeE III 
Chemical Balance of Dismutation between Isocitrate and Pyruvate 


0.085 m acetate buffer, pH 5.2, 10 micromoles of MnCl, 0.2 micromole of TPN, 42 | 
micromoles of dl-isocitrate, 25 micromoles of pyruvate, 1.5 ce. of pig heart extract. 
and an excess of crystalline lactic dehydrogenase. Final volume 3.5 cc. Gas, air: 
temperature, 38°. The reaction was started by tipping in isocitrate from the side 
bulbs of Warburg vessels after temperature equilibration. Incubation, 60 minutes 
The results are expressed in micromoles. 


Method of estimation Initial Final A 
Pyruvate Hydrazone 25.1 11.0 —14.1 
a-Ketoglutarate | Oxidation and succinoxidase 0.0 12.4 +12.4 
we Hydrazone 0.0 13.3 +13.3 
CO: Manometric 13.1 +13.1 
Lactate Colorimetric 1.4 15.9 +14.5 
TABLE IV 


Pyridine Nucleotide Specificity of Some Dehydrogenases 


; ' active pyridine 
Dehydrogenase Source and purity Reaction tested* Reactive pyridin 


nucleotide 

Malice Pig heart (crudet or Oxalacetate + CoH. DPN, TPN 
pure) , pigeon livert <2 l-malate + Co 

Lactic Ox heart (crystalline), Pyruvate + CoH. = lac- DPN, TPN 


pigeon livert tate + Co 

Pig heart,t pig liver,|| d-Isocitrate + Co = a- TPN 
pigeon livert = (all ketoglutarate + CO, 
crude) + CoH, 

Pig liver|| (crude), calf L-Glutamate + Co @a- DPN, TPN 
liver (partially puri- ketoglutarate + NH, 


Isocitric§ 


Glutamic 


fied) + CoH: 
Triose phos- Rabbit muscle (crystal- 3-Phosphoglyceraldehyde DPN 
phate { line) + Co — 3-phosphogly- 


cerate + CoH, 


* The direction in which individual reactions were tested is indicated by the heavy 
arrows. Co stands for coenzyme (pyridine nucleotide). 

+ Dialyzed phosphate extract of washed, acetone-dried, pig heart (8). 

t Dialyzed aqueous extract of acetone-dried pigeon liver (4, 5). 

§ In the presence of oxalosuccinic carboxylase and Mn** (8). 

|| Dialyzed phosphate extract of acetone-dried pig liver. 

| In the presence of arsenate (17). 


Pyridine Nucleotide Specificity of Dehydrogenases—A reinvestigation of 
the pyridine nucleotide specificity of several dehydrogenases was under- 
taken for the reasons already stated. In order to obtain unequivocal 
results, the rate of oxidation or reduction of the pyridine nucleotide, in the 
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presence of enzyme and substrate, was measured spectrophotometrically 
by the methods developed by Warburg (18). All of the reactions studied 
are reversible. ‘They were followed in the direction in which they proceed 
at a faster rate, except in the case of the reaction catalyzed by glutamic 


dehydrogenase, which was followed in both directions. The results are 
summarized in Table IV. 


TABLE V 
Reaction of Malic and Lactic Dehydrogenases with Pyridine Nucleotides 


Each experimental cell contained 0.025 m glycylglycine buffer, pH 7.4, enzyme 
and pyridine nucleotide as indicated, and water to a volume of 2.9 cc. At zero time 
0.1 cc. of either 0.0076 m oxalacetate (malic dehydrogenase) or 0.0091 m pyruvate 
(lactic dehydrogenase) was added. Temperature, 22-24°. The blank cell contained 


no pyridine nucleotide. The reaction rates were calculated from the third 15 second 
period after addition of substrate. 








Reduced | Pyridine | Amount | ss 
"yenase i riding. | "Concer | come | | Rate | “aioe 
| 
eet Ee ee 
‘i | abe x 10-8 | 
meperce. | | ee mim. | 
Malic Pig heart (pure) DPN | 5.3 0.0003 2.1 | 
TPN 11.0 | 0.005 | 0.61 | 34 
<  extract DPN 7.7 | 0.001 1.0 | 
TPN 7.5 | 0.02 0.81 25 
Pigeon liver extract DPN 5.7 | 0.0015 1.0 
TPN 5.7 | 0.01 1.2 17 
Lactic Ox heart (crystalline) DPN 5.6 | 0.0001 0.71 
TPN 7.30 | 0.02 0.64 220 
Rabbit musclet DPN 4.2 , 0.0005 0.95 
TPN 7.4 | 0:3 I 170 
Pigeon liver extract DPN 6.3 | 0.001 1.35 
TPN 7.5 | 0.1 1.0 135 


* Rate with DPN per cc. enzyme 
Rate with TPN per cc. enzyme 
+ Crystalline fraction supplied by Dr. E. Racker. 


Whereas, in confirmation of von Euler et al. (16), the liver glutamic 
dehydrogenase was found to react about equally fast with either DPN or 
TPN, in the case of malic, and especially of lactic dehydrogenase, the reac- 
tion with DPN was much faster. This is illustrated in Table V. 


DISCUSSION 


The results presented in this paper make it possible to interpret the reac- 
tions between either malate or isocitrate and pyruvate as TPN-linked 
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distautations resulting in the oxidative decarboxylation of malate or iso- 
citrate, with simultaneous reduction of pyruvate to lactate. These reac- 
tions proceed according to Equations 8, 9, and 10, in which the main 
direction is indicated by heavy arrows. Reaction 8 is catalyzed by the 
new enzyme from pigeon liver, Reaction 9 by isocitric dehydrogenase 
together with oxalosuccinic carboxylase, and Reaction 10 by lactic dehy- 
drogenase. 


(8) l-Malate + TPNox. @ pyruvate + COz + TPNoeea. 
(9) d-Isocitrate + TPN ox. @ a-ketoglutarate + COs + TPNeog 
(10) Pyruvate + TPNyeg. (or DPNrea.) = lactate + TPN, x. (or DPN,x. 


The TPN specificity of the above dismutations is due to the strict TPN 
specificity of Reactions 8 and 9. Reaction 10 proceeds much faster 
with DPN than with TPN; the fact that it occurs at all with TPN makes 
the dismutations possible. Under these conditions, Reaction 10 is prob- 
ably the reaction limiting the over-all rate of the dismutations. 

A faster dismutation should occur between either malate or isocitrate 
and oxalacetate with the malic dehydrogenase (instead of lactic dehy- 
drogenase) system as oxidant, since malic dehydrogenase reacts with TPN 
relatively more rapidly than lactic dehydrogenase does. Still faster dis- 
mutations should occur, in the presence of a-ketoglutarate and NHs, with 
the glutamic dehydrogenase system as oxidant, since its high oxidation- 
reduction potential is as favorable as that of the lactate and malate systems, 
and its reaction with TPN is rapid. It will be recalled that Adler ef al. 
(14) described such a reaction: a rapid conversion of isocitrate + NH, to 
glutamate. 

The failure of purified malic dehydrogenase, oxalacetic carboxylase, and 
lactic dehydrogenase to catalyze the malate-pyruvate dismutation simply 
reflects the failure of a combination of the first two enzymes to catalyze the 
oxidative decarboxylation of malic acid. The problem presented by this 
fact is discussed in the following paper (12). 


Methods 


Isolation of Oxalacetic Carboxylase from Micrococcus lysodeikticus—The 
organisms were grown and harvested as described by Krampitz and Werk- 
man (7). Suspensions of washed organisms were lysed with lysozyme. 
Lysozyme was prepared by the method of Alderton et al. (19), followed up 
to the lyophilization of the dialyzed eluate from bentonite. ‘The lysed 
preparation was brought to pH 5.0 with 1.0 n acetic acid and the precipitate 
was centrifuged off and discarded. The supernatant was shaken with 
alumina gel Cy (which adsorbs most of the flavoprotein present) and the 
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supernatant was precipitated with 3 volumes of acetone at 0°. The pre- 
cipitate was collected by centrifugation, washed twice with ice-cold acetone, 
and dried in vacuo. 1.1 gm. of pooled acetone powder were ground in a 
mortar with 120 cc. of 0.1 Mm phosphate buffer, pH 7.4, the insoluble residue 
was centrifuged off, and the supernatant was dialyzed for 3 to 4 hours 
against running tap water. To the dialyzed solution were added, with 
stirring, 19.2 mg. of protamine sulfate (dissolved in 1.9 cc. of water and 
brought to pH 6.0), and the mixture was centrifuged at 3000 r.p.m. for 30 
minutes. To 135 cc. of slightly turbid supernatant were added 23.8 gm. 
of ammonium sulfate, and the precipitate was discarded. The enzyme was 
precipitated by the further addition of 30 gm. of ammonium sulfate. The 
precipitate was dissolved in a small amount of water and the solution was 
dialyzed overnight against running tap water. The enzyme was now pre- 
cipitated with 4 volumes of acetone at 0°. The precipitate was washed 
twice with ice-cold acetone and dried in vacuo. This preparation is very 
stable, retaining full activity for over a year when stored at 3-4°. It is 
free of lactic and malic dehydrogenases and quite inactive toward malic 
acid whether with DPN or TPN. 

Oxalacetic Carboxylase Test—The manometric activity tests are based on 
the rate of decarboxylation of oxalacetate and are carried out in the presence 
of 0.1 M acetate buffer, pH 5.2, 1 micromole of MnCle, enzyme, and 19 
micromoles (425 c.mm.) of freshly dissolved oxalacetate which is tipped in 
from the side bulb of the Warburg vessels after 5 minutes of temperature 
equilibration. Final volume 2.0 cc.; gas, air; temperature, 25°. A blank 
without enzyme is carried out simultaneously to correct for the spontaneous 
decarboxylation of oxalacetate. Under the above conditions the evolution 
of COs, in the presence of enzyme, is of zero order over a good part of its 
course. The spontaneous decarboxylation is first order. 1 enzyme unit 
is defined as the amount of enzyme causing an excess CO2 evolution over 
the blank of 1.0 ¢.mm. in 10 minutes, calculated for the second 5 minutes 
following tipping in the oxalacetate. The corrected CO: evolution in this 
period is proportional to enzyme concentration within rather wide limits. 
The specific activity (units per mg. of protein) of the above preparation of 
oxalacetic carboxylase was about 200. The specific activity of the lysed 
cells was about 50. 

Dehydrogenase Preparations —Pure malic dehydrogenase was prepared 
from pig heart according to Straub (9). Crystalline lactic dehydrogenase 
was prepared from ox heart by the method of Straub (10). Crystalline 
triose phosphate dehydrogenase, prepared from rabbit muscle by the method 
of Cori et al. (17), was kindly supplied by Dr. E. Racker. A preparation 
of glutamic dehydrogenase from acetone-dried calf liver, partially purified 
by fractionation with ethanol at low temperature, was kindly supplied by 
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Dr. 8. Ratner. The nature of the various crude enzyme preparations used 
is indicated in Table IV. 

Dehydrogenase Tests and Units—The rate of oxidation or reduction of the 
reduced or oxidized pyridine nucleotide was measured by determining the 
absorption of light of wave-length 340 my in the Beckman spectropho- 
tometer. The reactions thus measured in the case of each of the various 
dehydrogenases were those indicated in Table IV. The reaction mixtures 
containing 0.025 m glycylglycine buffer, pH 7.4, pyridine nucleotide, 
enzyme, substrate, water, and, if necessary, other additions, were made up 
to a final volume of 3.0 ec. in quartz cells of 1.0 em. light path. Reactions 
were started by addition of either substrate or enzyme and readings of the 
optical density were taken, at intervals of 15 seconds, against a blank con- 
taining all components except pyridine nucleotide. 1 unit was arbitrarily 
defined, in every case, as the amount of enzyme causing a A log /o/J of 0.01 
per minute calculated for the third 15 second period after the start of the 
reaction. The concentrations of substrates and pyridine nucleotides were 
chosen to give maximum rates with the highest amounts of enzyme used, 
which did not exceed 10 units. The tests were carried out at room tem- 
perature between 20—-25°. 

Chemical Preparations—The following substances were prepared as pre- 
viously described: crystalline sodium pyruvate (20), DPN? (21), dl-isocitric 
acid (8), oxalacetic acid (22). Fumaric and /-malic acids were obtained 
commercially. Reduced DPN (sodium salt) was prepared by the method 
of Ohlmeyer (23). Solutions of reduced TPN were obtained by enzymatic 
reduction with stoichiometric amounts of isocitrie acid. After completion 
of the reaction, the mixture was brought to about pH 10.5 with dilute alkali, 
heated for 2 to 3 minutes at 100°, cooled, and centrifuged. 

The DPN preparations were free from TPN as shown by their failure to 
catalyze the reduction of 2,6-dichlorophenol indophenol by  glucose-6- 
phosphate in the presence of Zwischenferment (24). The absence of DPN 
from the TPN preparations was shown by their inactivity in the triose 
phosphate dehydrogenase system. 

Analytical Methods—Pyruvic and a-ketoglutaric acids were determined 
by the method of Friedemann and Haugen (25) and lactic acid by the 
method of Barker and Summerson (26). Pyruvie acid was also determined 
enzymatically with lactic dehydrogenase (12). 

Enzymatic Determination of TPN—TPN was determined by its catalytic 
effect on the rate of reduction of 2,6-dichlorophenol indophenol by isocitric 
acid, in the presence of isocitric dehydrogenase, according to the method 
of Haas (24). The test system was made up with enzyme, 0.3 ce. of 0.25 


2 We are greatly indebted to Dr. Charles N. Frey and Mr. R. F. Light, The Fleisch- 
man Laboratories, New York, for generous supplies of yeast for this preparation. 
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au glycylglycine buffer, pH 7.4, 0.02 cc. of 0.05 m MnCl., 0.2 cc. of 2,6-di- 
chlorophenol indophenol (0.1 mg. per cc.), 0.1 mg. of dl-isocitrate, TPN 
or the TPN-containing sample, and water to a volume of 3.0 cc. Readings 
were taken at room temperature (20-22°) in the Beckman spectropho- 
tometer at wave-length 600 my. The blank cell contained no dye. The 
reaction was started by the addition of isocitrate or enzyme. The early 
rate of dye reduction is, within certain limits, proportional to the TPN 
concentration, as is shown in Fig. 5. There is some blank reaction if 
dialyzed heart extracts are used; this can be eliminated by the use of par- 
tially purified preparations (8). 
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Fig. 5. Rate of reduction of 2,6-dichlorophenol indophenol by the isocitrie de- 
hydrogenase system as a function of the TPN concentration. Wave-length, 600 mu. 


Reaction mixtures were diluted with 0.5 volume of water and transferred 
to small test-tubes. These were placed in boiling water for 1 minute, 
cooled in ice, and centrifuged at high speed. The clear supernatants were 
analyzed for TPN as described above. 


SUMMARY 


The reaction between malate and pyruvate, yielding pyruvate, COs, and 
lactate, specifically requires TPN as coenzyme. ‘This reaction is a TPN- 
linked dismutation involving both an enzyme isolated from pigeon liver, 
catalyzing the oxidative decarboxylation of malate to pyruvate and COs, 
and lactic dehydrogenase. A mixture of purified malic dehydrogenase, 
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oxalacetic carboxylase, and lactic dehydrogenase failed to catalyze this 
reaction. 

The reaction between isocitrate and pyruvate, yielding a-ketoglutarate, 
COs, and lactate, is TPN-specific and proceeds in the presence of dialyzed 
extracts of washed, acetone-dried, pig heart (containing isocitric dehy- 
drogenase and oxalosuccinic carboxylase) supplemented with crystalline 
lactic dehydrogenase. This reaction is also a TPN-linked dismutation 
involving both the isocitric and lactic dehydrogenase systems. 

A reinvestigation of the pyridine nucleotide specificity of several dehy- 
drogenases, by direct spectrophotometric measurement of the oxidation or 
reduction of the nucleotide, showed that malic and lactic dehydrogenase 
can react with either DPN or TPN, but the reaction with the latter js 
slower. The coenzyme specificity of other dehydrogenases (isocitric, 
triose phosphate, glutamic) conforms to that found by earlier observers. 

The TPN specificity of the malate-pyruvate and isocitrate-pyruvate 
dismutations is determined by the TPN specificity of the reductant systems, 
since the oxidant system, lactic dehydrogenase, can react with either DPN 
or TPN and indeed reacts much faster with the former. 

In crude enzyme preparations of pigeon liver there is a slow synthesis 
of TPN from DPN and ATP. Such preparations also bring about a slow 
disappearance of added TPN. 


We wish to thank Mr. Sidney Udenfriend for help with some of the experi- 
ments, and Mr. Morton C. Schneider for technical assistance. 
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BIOSYNTHESIS OF DICARBOXYLIC ACIDS BY CARBON 
DIOXIDE FIXATION 


I, ISOLATION AND PROPERTIES OF AN ENZYME FROM PIGEON LIVER 
CATALYZING THE REVERSIBLE OXIDATIVE DECARBOXYLATION 
OF I-MALIC ACID* 


By SEVERO OCHOA, ALAN H. MEHLER,}+ ann ARTHUR KORNBERGt 


(From the Departments of Pharmacology and Chemistry, New York University College 
of Medicine, New York) 


(Received for publication, March 23, 1948) 


The isolation from pigeon liver of an enzyme which catalyzes the revers- 
ible oxidative decarboxylation of l-malic acid to pyruvic acid and CO, has 
been previously reported (1). Work leading to the discovery of this en- 
zyme has been discussed in the preceding paper (2). The present paper 
deals with the purification of the pigeon liver enzyme and with a more 
detailed study of its properties. 

In the presence of manganous ions the new enzyme catalyzes Reaction 1. 


(1) COOH-CH,-CHOH:-COOH + TPN ox.CH;-CO-COOH + CO, + TPNrea. 


l-Maliec acid Pyruvie acid 


The enzyme is strictly specific towards triphosphopyridine nucleotide 
(TPN), /-malie acid, and pyruvie acid; there is no reaction with either 
diphosphopyridine nucleotide (DPN), d-malic acid, fumaric acid, or phos- 
phopyruvie acid. The enzyme functions in the absence of inorganic phos- 
phate and adenosine triphosphate (ATP). The evidence so far obtained 
indicates that Reaction | is catalyzed by a single enzyme. This enzyme, 
in the presence of Mn**, also catalyzes the decarboxylation of oxalacetic 
acid to pyruvic acid and CO, (Reaction 2). 


(2) COOH -CH,-CO-COOH = CHs3-CO-COOH + CO, 


Oxalacetie acid Pyruvic acid 


As in the case of the tricarboxylic acid system (3), the equilibrium of Re- 
action 1, far to the right, can be shifted to the left, z.e. in the direction of 
CO, fixation, by coupling with the glucose-6-phosphate dehydrogenase 


* Aided by grants from the United States Public Health Service, the Rockefeller 
Foundation, the Penrose Fund of the American Philosophical Society, and the 
American Cancer Society (recommended by the Committee on Growth of the Na- 
tional Research Council). 

+ Present address, Weizmann Institute of Science, Rehovoth, Palestine. 

t Division of Physiology, National Institute of Health, United States Public 
Health Service. 
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system of low oxidation-reduction potential. The following reactions are 
then obtained. 


(3) Glucose-6-phosphate + TPN,x. = 6-phosphogluconate + TPNrea. 
(4) Pyruvate + COs + TPNrea, = I-malate + TPNox. 


The net result of Reactions 3 and 4 is Reaction 5, a TPN-linked dismu- 
tation whereby glucose-6-phosphate is oxidized to phosphogluconate, while 
pyruvate is carboxylated and reduced to malate. 


(5) Glucose-6-phosphate + pyruvate + CO, = 6-phosphogluconate + I-malate 


EXPERIMENTAL 


Optical Test and Enzyme Unit—Activity determinations are based on 
Reaction 1. The early rate of reduction of TPN... in the presence of 
enzyme, manganous ions, and an excess of /-malate is, within certain lim- 
its, proportional to the enzyme concentration. The formation of TPNpyeg. 
is followed in the Beckman spectrophotometer at wave-length 340 mu. 
Measurements have been carried out at room temperature (20-24°). 

The reaction mixture, in quartz cells (d = 1.0 cm.), consists of 0.025 m 
glycylglycine buffer, pH 7.4, 1.0 micromole of MnCl, 0.185 micromole 
of TPN.x., 0.448 micromole of /-malate, enzyme, and water. Final vol- 
ume 3.0cc. The reaction is started by the addition of malate, and read- 
ings of the optical density are made, against a blank containing all com- 
ponents except TPN, at intervals of 15 seconds for 1 or 2 minutes. The 
increase in optical density (A log Jo/J) between 30 and 45 seconds after the 
addition of malate is used to calculate the enzyme activity. 1 enzyme unit 
has been arbitrarily defined as the amount of enzyme causing an increase in 
optical density of 0.01 per minute. The amount of enzyme used in a test is 
adjusted so that A log J)/J, for the period between 30 and 45 seconds, lies 
between +0.006 and +0.015. 

The protein content of enzyme fractions is determined spectrophoto- 
metrically by measuring the absorption of light at wave-lengths 280 and 
260 mu. The protein concentration was calculated, from the absorption 
at 280 mu, with a correction for the nucleic acid content from the data 
given by Warburg and Christian (4). The specific activity of an enzyme 
preparation is given by the ratio, units per mg. of protein. 


Isolation of Enzyme 


The starting material is acetone powder of pigeon liver. Preparation of 
the powder and extraction are carried out essentially according to Evans 
et al. (5). The enzyme has been substantially purified by fractionation 
with ethanol at low temperature and fractional adsorption on alumina gel. 


ae 
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Preparation of Acetone Powder—Pigeon livers, removed as rapidly as pos- 
sible after decapitation, were cooled in ice and freed from fat and connective 
tissue. The livers were extracted with acetone, cooled to —5°, in a chilled 
Waring blendor; the suspension was then poured into sufficient acetone (at 
—5°) to make a total of 10 volumes of acetone. The mixture was stirred 
for a few minutes and filtered with suction in the cold room. The residue 
was reextracted once more with acetone, spread on filter paper. and allowed 
to dry at room temperature. The dry material was freed from the larger 
threads of connective tissue, ground to a powder in a mechanical mortar, 
and stored in stoppered bottles in the ice box. Its activity keeps unchanged 
for several months. 

Step 1. Extraction—100 gm. of acetone powder were extracted for 10 min- 
utes with 1 liter of distilled water at 40° with mechanical stirring; the insolu- 
ble residue was centrifuged off at room temperature and discarded. This 
yielded 800 to 900 cc. of a reddish brown turbid extract, the protein concen- 
tration of which was about 25 to 30 mg. per cc. Its specific activity was 
about 4. 

Step 2. First Ethanol Fractionation—To 800 cc. of extract were added 200 
ce. of 0.2 Mm phosphate buffer, pH 7.4, after cooling both to 0°. Absolute 
aleohol (cooled to —30°) was now added to the solution with mechanical 
stirring. The alcohol was added very slowly and the temperature was not 
allowed to rise above 0°. As the alcohol concentration rises, the tempera- 
ture! is allowed to fall eventually to —5° and is maintained until enough 
alcohol has been added to make a concentration of 32 to 35 per cent by 
volume. 

The precipitate was centrifuged off at —5°, in the refrigerated centrifuge, 
and discarded. The supernatant was allowed to stand overnight at — 15°, 
whereby a further precipitate was obtained. This precipitate was centri- 
fuged off at — 10° and dissolved in ice-cold 0.02 m phosphate buffer, pH 7.4. 
It gave a clear red solution, specific activity 13. Solutions from three 100 
gm. batches of acetone powder, each obtained as described above, were 
combined at this stage to give 194 cc. of solution (see Table V) containing 
55 mg. of protein per cc. 

Step 3. Refractionation with Ethanol—On fractionation of 194 ec. of the 
above solution the results shown in Table I were obtained. 

Fractions obtained by precipitation with ethanol at a given temperature 
were always collected by centrifugation at the same temperature and taken 
up in ice-cold 0.02 m phosphate buffer, pH 7.4. While the first fraction of 
any series usually contained some insoluble material, subsequent fractions 
always gave clear solutions. 


‘The desired temperatures were maintained with alcohol-water mixtures which 


were kept as semifrozen slushes by means of an outer bath of alcohol (or acetone) 
and dry ice. 
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Fractions 1 and 3 were combined and refractionated to yield Fraction 4, 
containing 21,800 units of specific activity 25.0. 

Fractions 2 and 4 were combined; the solution was dialyzed overnight 
against 0.1 m phosphate buffer, pH 7.4, and diluted with an equal volume 


TABLE [| 


Second Ethanol Fractionation 


Ethanol added to 


Fraction No. supernatant Temperature Units — of Specific activity 
ce. "Ys 
1 14 | —1 59,000 ib a 
2 | 9 | —5 84, 500 23.4 
3 } 9 —5 6,480 5.7 
TaBe II 


Refractionation with Ethanol 


Ethanol added to Units in solution of 


Fraction No. supernatant Temperature ppt. Specific activity 
ce. 7G. 
la | 40 —5 4,060 6.9 
2a 10 —5 20 , 700 3.2 
3a 10 —5 23 , 000 23.3 
4a 10 —5 38 ,000 36.8 
) 


oa 0 —15 6,400 9.5 


TABLE III 


Refractionation with Ethanol 


Fraction No. Ethanol added to Units in solution of 


supernatant Temperature ppt. Specific activity 
ce. a oF 
lb 5 —5 3,360 12.4 
2b 1 —5 12,400 16.4 
3b 5 —5 26 , 600 48.0 
4b 0) —10 11,800 45.5 
5b 5 —8§ 1,850 29 .0 


of water to give 200 cc. of solution containing 23 mg. of protein per ce. 


This solution was fractionated with ethanol; the results are shown in 
Table IT. 

Fractions 2a and 3a were combined, diluted to 60 cc. with 0.02 m phos- 
phate buffer, pH 7.4 (protein concentration about 40 mg. per cc.), and frac- 
tionated (see Table IIT). 
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Fractions 4a, 3b, and 4b were combined to give 30 cc. of solution contain- 
ing 72,700 units, specific activity 43.0, with 55.5 mg. of protein per cc. 
(Table V). 

Step 4. Fractional Adsorption on Alumina Gel—30 cc. of solution from 
Step 3 were cooled to 0° and diluted with 119 cc. of ice-cold water. To 
this solution were added slowly, with mechanical stirring, 15 cc. of ice-cold 
2.0 M acetate buffer, pH 4.8. This gives 164 cc. of a clear red solution con- 
taining about 10 mg. of protein per cc., pH 5.0. To this solution were 
added 11.0 ce. of a suspension of alumina gel Cy (after Willstatter), contain- 
ing 14.5 mg. of Al,O; per cc., with mechanical stirring. Stirring was con- 
tinued for 10 minutes, while the temperature of the mixture was kept at 0°, 
and the alumina was centrifuged off in the cold room. To the supernatant 
were added a further 11.0 cc. of alumina suspension and the mixture was 
worked up as before. This was repeated three more times. Each alumina 
residue was separately eluted at 0° with 9.0 cc. of 0.1 M phosphate buffer, pH 


TABLE IV 


Analysis of Eluates from Alumina Gel (Step 4) 


Eluate No. Units Specific activity 
1 3,640 31.7 
2 6, 250 58.5 
3 15,800 178.0 
1 (Table V) 21,100 272.0 
5 2,160 62.0 
3a 2,820 100.0 
4a 3,920 171.0 


7.4. Residues 3 and 4 were reeluted with an additional 5.0 cc. of phosphate 
buffer each (eluates 3a and 4a). Analysis of the various eluates gave the 
results presented in Table IV. 

Kluate 4 was a clear, pale yellow, solution; it contained 6 mg. of protein 
per ce. , 

Step 5. Refractionation with Ethanol and Alumina Gel— Eluates 3, 3a, and 
fa were combined and refractionated with ethanol. A fraction was ob- 
tained containing 12,000 units, specific activity 190. This solution (3.0 
cc.) was brought to pH 4.9 with 0.7 ec. of 2.0 mM acetate buffer, pH 4.8, at 0°. 
The clear solution thus obtained, containing 17.0 mg. of protein per ce., was 
fractionated at 0° as before by successive adsorptions on alumina gel. Ad- 
ditions of 0.3, 0.3, 0.3, and 0.6 ec. of the alumina suspension were made. 
Kach residue was eluted with 2.0 ce. of 0.1 mM phosphate buffer, pH 7.4. 
Residue 4 was eluted once more with 1.0 ec. of buffer (eluate 4A,). The 
following results were obtained. 
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Eluate No. Units Specific activity 





2A | 1520 206 
3A 1920 275 
4A 3200 402 


4A, 468 287 
Fractions of specific activity between 200 and 300 (7.e., eluates 4, 2A, 3A, 
and 4A;) were combined and refractionated with alumina gel. ‘The best 
fraction thus obtained contained 8640 units, specific activity 450 (Table 
V). This was a clear, very faintly yellowish solution containing 4.8 mg. of 
protein per cc. 


TABLE \ 
Purification of Pigeon Liver Enzyme 


300 gm. of acetone powder. 


Vol- er Over 
Step = Units Protein antivity Yield sola 
tion In step 
uniis per rer 
ce. me er meg. ; te 
: ae cent i 
Aqueous extract* 2470 | 276,500 64,500 4 100 
ist ethanol fractionation 194 155,000, 11,600 13 56 90-100 
Refractionation with ethanol 30 72,700' 1,690 43 26 90-100 
Elution from alumina gel 13 =-21,000 77.5} 272 7.6.80 
Refractionation with ethanol and 4 8,640 19.2) 450 3.280 


alumina gel 


* Small aliquot dialyzed for tests. 


Table V summarizes the pertinent data on the various purification steps. 
The last column gives the over-all recovery of enzyme for individual 
steps, obtained by adding up the yields from all the fractions in each. 
The high recoveries indicate that, in spite of extensive fractionation, 
little or no activity is being lost, as would most probably have been the case 
if more than one enzyme were involved in the catalysis of Reaction 1. 

The enzyme is relatively stable, especially in the presence of phosphate. 
Solutions in 0.1 mM phosphate buffer, pH 7.4, lose activity only very gradu- 
ally if kept at 0°. Fractions of specific activity between 15 and 50 have 
been dialyzed against 0.1 mM phosphate buffer, pH 7.4, for periods over 2 
weeks, with little or no loss of activity. 

While it is not yet possible to estimate the degree of purity attained, some 
of the enzymes present in large amounts in the pigeon liver extracts, such 
as malic and isocitric dehydrogenase, are almost completely removed by 
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the purification procedure described. Fumarase is completely removed 
early in the purification (1). Removal of lactic dehydrogenase, on the 
other hand, is as yet incomplete. These facts are illustrated in Table VI 
which shows the specific activities of several enzymes at various stages of 
purification of the pigeon liver enzyme. The activity of this enzyme as 
determined spectrophotometrically (7.e., catalysis of Reaction 1) is re- 
ferred to as “‘malic”’ enzyme activity and given in Column 2 of Table VI. 


TABLE VI 


Activity of Various Enzymes at Different Purification Stages of Pigeon Liver Enzyme 


Specific activity Ratios 
Oxalacetic 
“Mal. | carboxylase [Lactic | Malic) 18°” 

Fraction | ic? | (O) dehy- | dehy- | SUP"! @ Ocppny! 4 M I 
en- " - ~|droge- | dro- | dro | ¥ FE k rE 
te) being With “L) eM) \genase 
=) | cut. | TPN yy a) | 

(1) (2) (3) (4) (5) | (6) (7) 8) Cc (10) | (11) | (12) 
Aqueous extractt | §.2! 58.7 81 | 119 | 21 31.1 15.6 (22.8 |4.0 
Ist ethanol frac- 13.1} 9.7 71 | 0.74 5.4 | 

tionation 
Ethanol fraction 21.0] 11.7) 24.9 0.59; 1.18 
refrac 35.3) 15.3) 37.3 0.43) 1.06 
tionated 
sis 46.5) 23.2) 49.4 0.50 1.06 
Alumina é¢luate 56.0) 438.2 128 0.77 2.3 
a 220.0 93.0218 0.42) 1.00 
274.0 224.0 196 196 27 (0.82 0.72, 0.72, 
Ethanol and alumi- 350.0 243 415 83f 14 0.70 1.2 | 0.240.04 


na refractionated 


*0.135 micromole. 
+ Data for ‘“‘malie’ 


’ enzyme, average of five estimations on different (dialyzed) 


extracts. Data for oxalacetie carboxylase and lactic dehydrogenase, average of 
three estimations; for isocitric dehydrogenase, of two estimations. 

t May be apparent malic dehydrogenase activity since pyruvate, formed by de- 
carboxylation of the oxalacetate used as substrate in this test, will oxidize DPN,.4 
owing to the presence of lactic dehydrogenase. 


Tests and units of the other enzyme activities were as described in the pre- 
ceding paper (2). Lactic and malic dehydrogenase activities were deter- 
mined with reduced DPN, isocitric dehydrogenase activity with oxidized 
TPN. Columns 8 to 12 of Table VI give the ratios of the activity of each 
of the enzymes tested to ‘malic’ enzyme activity. 

Of special interest is the behavior of the oxalacetic carboxylase activity 
which, as first demonstrated by Evans et al. (5), is exhibited by pigeon liver 
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extracts. It will be observed, on inspection of Column 3 (Table VI), that 
the specific oxalacetic carboxylase activity is markedly increased on purifi- 
‘ation of the pigeon liver enzyme. 

Vennesland, Evans, and Altman (6) made the remarkable observation 
that the rate of decarboxylation of oxalacetate by pigeon liver preparations 
is greatly stimulated by TPN, while DPN is inactive. This observation 
has been fully confirmed in our laboratory. We have also observed that the 
effect of TPN.x. disappears after a short heating period at 100° in the pres- 
ence of dilute alkali, while that of TPN,.a. is retained. It is also of interest 
that the rate of decarboxylation of oxalacetate by the purified carboxylase 
of Micrococcus lysodeikticus previously described (2) is not affected by TPN, 

It may be observed by comparison of Columns 2, 3, and 4 of Table VI 
that, when the test for oxalacetic carboxylase is carried out in the presence of 
TPN, its specific activity increases on purification exactly to the same ex- 
tent as does the ‘‘malic”’ enzyme activity. Column 9 (Table VI) shows 
that, under these conditions, the ratio of specific activities of oxalacetic 
carboxylase to “malic’’ enzyme remains constant over a 40-fold increase in 
purity. Unfortunately, we do not yet have oxalacetic carboxylase tests in 
the presence of TPN for fractions of specific activity higher than 220, but, 
from the increase in carboxylase activity produced by TPN on the various 
fractions investigated, a constant ratio of carboxylase to ‘‘malic”’ enzyme 
may be expected over the approximately 100-fold purification of the pigeon 
liver enzyme so far accomplished. 

The above results strongly suggest that the same enzyme is responsible 
for catalysis of Reactions 1 and 2. Final decision on this point must, of 
course, await further purification. 


Properties of Enzyme System 


Formation of Pyruvate—The formation of pyruvie acid from /-malic acid 
according to Reaction 1 has been demonstrated by means of lactic dehy- 
drogenase. In the presence of lactic dehydrogenase and reduced DPN, 
pyruvic acid reacts according to Equation 6. 


(6) Pyruvate + DPNrea. = lactate + DPNox. 


Since the equilibrium of Reaction 6 is very far to the right (K = (pyru- 
vate) (DPNrea.)/ (lactate) (DPN.x.) = 6 X 10, at pH 7.4 and 22° (7)), 
on addition of crystalline lactic dehydrogenase to a mixture of pyruvate and 
DPNyea., in which the latter is present in excess, practically all of the pyru- 
vate is reduced to lactate, while an equivalent amount of DPNyeg, is oxidized 
with a corresponding decrease in the absorption of light at 340 mu. The 


2 We are indebted to Dr. E. A. Evans, Jr., and Dr. Birgit Vennesland for an early 
personal communication of this observation. 
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specificity of lactic dehydrogenase (8) makes this a rapid, sensitive, and spe- 
eifie method for the determination of pyruvate. 

A typical experiment was carried out as follows: 1.34 micromoles of 
-malate, 1.0 micromole of MnCl, pigeon liver enzyme (specific activity 100) 
with 0.5 mg. of protein, and glycylglycine buffer, pH 7.4, final concentration 
(),025 M, were mixed at time zero with 0.74 micromole of TPN, x. in a quartz 
cell (d = 0.5 ¢m.). Final volume 2.0 ce.; temperature, 22°. After 8 min- 
utes, when the reaction markedly slowed down, the increase in optical 
density (A log /,/ 7) at 340 my was +-0.573, corresponding to the formation 
of 0.41 micromole of TPNyeg..2 At this time, 1.8 cc. of the reaction mixture 
were deproteinized with trichloroacetic acid, centrifuged, and a0.5 ce. aliquot 
of the neutralized clear supernatant was mixed with 0.2 micromole of 
DPNrea. and crystalline lactie dehydrogenase in 0.025 m glycylglycine 
buffer, pH 7.4. Final volume, 3 cc.;d = 1.0em. The amount of DPNyea. 
oxidized (A log /y// = —0.156) was 0.083 micromole, which, on multiplica- 
tion by the dilution factor (5.32), gives 0.44 micromole of pyruvie acid in 
the original 2.0 cc. sample. 

Components It has already been reported (1) that fumarate cannot be 
substituted for /-malate nor DPN for TPN ((1), Fig. 1, Curve 2). The 
same is true of d-malate. Phospho(enol)pyruvate cannot replace pyru- 
vate. Further proof of the early removal of fumarase on purification of the 
pigeon liver enzyme is given in Fig. 1. Owing to the presence of fumarase 
in the pigeon liver extracts and some ammonium sulfate fractions thereof, 
they catalyze Reaction | equally well with either /-malate or fumarate as 
substrate. However, after ethanol and alumina fractionation, even frac- 
tions of low specific activity give almost no reaction with fumarate unless 
fumarase is added (Fig. 1, Curve 1). 

Neither inorganic phosphate nor ATP participates in Reaction 1. In 
order to remove inorganic phosphate as far as possible, fractions of pigeon 
liver enzyme were repeatedly precipitated with ammonium sulfate from 
aqueous solution. With such fractions, a reaction mixture containing less 
than 10~* Mm phosphate gave rates of reduction of TPN, x. by malate that 
were not affected by addition of inorganic phosphate. Similarly, addition 
of ATP was without effect. 

The need for manganous ions is illustrated in Fig. | (Curves 2 and 3); the 
rate of reaction is markedly slowed down in the absence of added Mnt*. 

The pigeon liver enzyme cannot be replaced by a mixture of malice dehy- 
drogenase (10) and oxalacetic carboxylase of Micrococcus lysodetkticus (2), 
whether with DPN or TPN. This is illustrated in Fig. 1 (Curve 4). The 
small increase in optical density following addition of DPN... (Curve 4, 


‘The molecular absorption coefficient of TPNyea, at 340 mye (8 = In Uo/I)/ce X d) 
was taken as 1.3 X 107 (sq. cm. per mole) (9). 
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MINUTES (CURVES |, 2 and 3) 


Fic. 1. Spectrophotometric tests with the liver enzyme. 0.025 m glycylglycine 
buffer, pH 7.4, with other additions as indicated. Final volume 3.0 cc.; temperature, 
22-23°. Quartz cells; d = 10cm. The blank cells contained no TPN. Curve 1, 
0.135 micromole of TPN,x., 1.0 micromole of MnCl., liver enzyme (specific activity 
75) with 400 7 of protein and, at time zero, 0.448 micromole of fumarate; at Arrow 
a 0.01 cc. of fumarase (15) added. Curve 2, 0.135 micromole of TPNgx., 1.0 micro 
mole of MnCl., liver enzyme (specific activity 100) with 156 7 of protein and, at time 
zero, 0.149 micromole of /-malate. Curve 3, same as Curve 2 but without MnCl». 
Curve 4, 1 micromole of MnCl., 0.3 mg. of oxalacetic carboxylase (60 units) from 
Vicrococcus lysodeikticus (specific activity 200), 4.5 micromoles of l-malate and, at 
time zero, 0.135 micromole of TPN ,,.; at Arrow b, addition of purified malic dehy 
drogenase (1280 units); at Arrow c, addition of 0.210 micromole of DPN, x.; at Arrow 
d, addition of liver enzyme (specific activity 168) with 44 y of protein (containing 7.5 
units of oxalacetic carboxylase activity) 


Arrow ¢) corresponds to the establishment of the equilibrium of the malate- 
oxalacetate system, catalyzed by malic dehydrogenase (Reaction 7), which 
lies very far in the direction of oxalacetate reduction. 


(7) Oxalacetate + DPN. = /-malate + DPNogx. 
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The striking contrast with the action of the pigeon liver enzyme is shown 
by the effect of the addition of 7.5 units of this enzyme at Arrow d (Fig. 1, 
Curve 4). Negative results were also obtained, under similar conditions, 
with DPNrea., pyruvate, and COs as initial reactants, whether in the ab- 
sence or presence of ATP. 

Reversibility—Proof of the reversibility of Reaction 1 has already been 
presented (1). The experiments were carried out by reducing TPNox. with 
malate in the presence of the enzyme (specific activity 168), following which 
the TPNrea, formed was oxidized on addition of pyruvate and a solution of 
sodium bicarbonate saturated with CO,. As already pointed out (1), the 
presence of lactic dehydrogenase interferes by catalyzing the oxidation of 
TPNrea. by pyruvic acid (2). It is for this reason that the pigeon liver 
enzyme had to be largely freed from lactic dehydrogenase by purification 
before an unequivocal demonstration of the reversibility of Reaction 1 was 
possible. 

Fig. 2 illustrates an experiment carried out with the purest fraction so far 
obtained (specific activity 450). Curve 1 shows the spectrophotometric 
course of the forward reaction with an amount of enzyme containing 14.5 y 
of protein in 3.0 ec. of reaction mixture; 7.e., less than 5 y per cc. Curves 
2 and 3 show the course of the reverse reaction with twice as much enzyme. 
For the latter experiments TPNyeg. was separately prepared by enzymatic 
reduction, as previously described (2), and was present in the reaction mix- 
ture from the beginning. It will be observed (Fig. 2, Curve 2) that, since 
some lactic dehydrogenase is still present, addition of pyruvate at time zero 
causes a slow oxidation of TPNieg.. However, the rate of oxidation thus 
obtained contrasts sharply with the very rapid rate that sets in on the fur- 
ther addition (at Arrow a) of NaHCO;-COs, or with that obtained, on addi- 
tion of pyruvate, when the NaHCO,-CO. solution was already present in 
the reaction mixture (Curve 3). 

As already shown (1), the equilibrium of Reaction 1 must lie very far to 
the right, because if /-malate is present in excess with relation to TPNax., 
practically all of the latter is reduced ((1), Fig. 1, Curve 1), while if, on the 
other hand, TPN,x. is present in excess with relation to /-malate, practically 
all of the malate reacts to form pyruvate and CQ, ((1), Fig. 1, Curve 3).4 
The equilibrium constant of Reaction 1 cannot be determined until the 
enzyme is completely freed from lactic dehydrogenase. 

Decarboxylation of Oxalacetete—The oxalacetic carboxylase activity of the 
purest pigeon liver enzyme preparation (specific activity 450) is shown in 
Fig. 3 (Curves 2 and 3). Curves 4 and 5, obtained with a preparation of 

‘In the legend to Fig. 1 of the paper quoted (1), the amounts of various com- 


ponents of reaction mixtures are erroneously expressed in millimoles (mM); the 
amounts should be in micromoles. 
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lower specific activity, illustrate the effect of manganous ions on this rege. 
tion. 
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Fic. 2. Spectrophotometric tests with the liver enzyme; reversibility of Reaction 
1. 0.025 m glycylglycine buffer, pH 7.4, and 1.0 micromole of MnCl. with other 
additions as indicated. Final volume 3.0 cc.; temperature, 22°. Quartz cells; 
d=1.0em. The blank cells contained no TPN. Curve 1, 0.135 micromole of TPNox., 
liver enzyme (specific activity 450) with 14.5 y of protein and, at time zero, 0.448 
micromole of l-malate. Curves 2 and 3, 0.106 micromole of TPNyreq,, liver enzyme 
(specific activity 450) with 29 y of protein, and, at time zero, 12.0 micromoles of 
pyruvate. Curve 2, 0.30 cc. of 0.1m NaHCO; (saturated with CO» at room tempera 
ture) added at Arrow a; optical density readings corrected for dilution. Curve 3, 
0.30 cc. of 0.1 Mm NaHCO; saturated with CO» was present from the beginning. The 
solutions used for these experiments were freshly prepared with CO2-free water. 


Dismutation between Glucose-6-phosphate and Pyruvate +- CO.—Al|though, 
as stated above, the equilibrium of Reaction | lies very far in the direction 


of de 
with 
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AC. of decarboxylation, it can be shifted in the opposite direction by coupling 
with the glucose-6-phosphate dehydrogenase system, when Reaction 5 
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on Fic. 3. Oxalacetic carboxylase activity of liver enzyme. 0.1 mM acetate buffer, 
eI pH 5.2, and 19 micromoles (425 c.mm.) of oxalacetate with other additions as indi- 
Is; cated. Final volume 2.0 cc. Gas, air; temperature, 25°. The reaction was started 
by tipping in oxalacetate (0.5 ec. of a freshly prepared solution containing 5.0 mg. 
48 per cc., pH 5.2) from the side bulbs of Warburg vessels after temperature equilibra- 


ne tion. Curve 1, 1 micromole of MnCl». Curve 2, 1 micromole of MnCl. and liver 
of enzyme (specific activity 450) with 230 y of protein. Curve 3, 1 micromole of MnCl, 


a and liver enzyme (specific activity 450) with 460 y of protein. Curve 4, liver enzyme 
3, (specific activity 150) with 2.34 mg. of protein; no MnCl,. Curve 5, same as Curve 
he 4 but with 1 micromole of MnClo. 


occurs. Under these conditions l-malic acid, which is formed in small 
amounts from pyruvic acid and COs, can be determined and identified by 
m enzymatic methods. 
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Malic acid was determined with the pigeon liver enzyme, either by spec- 
trophotometric measurement of the amount of TPN reduced or by deter- 
mining the amount of CO, evolved by the dismutation between malate and 
pyruvate (2). When pyruvate is present in large amounts, as is the case in 
the experiments to be described below, the direct spectrophotometric 
method gives values too low, mainly because of interference by the lactic 
dehydrogenase, which contaminates the pigeon liver enzyme. In this case 
the manometric method, which requires the presence of pyruvate, is more 
satisfactory. Pigeon liver enzyme of specific activity above 150 is of suffi- 
cient purity for the specific determination of /-malic acid under our experi- 
mental conditions. 

Two experiments on hexose phosphate dismutation were carried out. 
The composition of the reaction mixtures is shown in Table VII. 


TaBie VII 
Composition of Reaction Mixtures in Experiments on Dismutation between Glucose- 
6-phosphate and Pyruvate Plus COz 





| 
| Experiment 2 


Experiment 1 


Dhaene 6- hinesbiiae Sitti ait micromoles...... 275 | 1100 


Glucose-6-phosphate dehydrogenase iRwtechenferment), 

BO a senoa 's Does tesla nein sa easyer ay; Raed ry von 12.5 50.0 
TPN, micromoles. . Shee 0.7 2.8 
Sodiam pyruvate, micromoles oe 275 1100 
MnCle, micromoles. . ie 5 20 
Pigeon liver enzyme (specific activ ity 168), mg. protein 0.88 3.5 
Sodium bicarbonate, micromoles... 400 800 
Gas.. - ~ 80% N2-20% CO» 


Final volume made: up > with: Ww water te. pws 10.0 ce. 26.0 ce. 





Pigeon liver enzyme was added last. The pH of the above reaction mix- 
tures, after equilibration with N2-CO2, was about 7.0. The samples were 
incubated at room temperature (22°) for 2 hours with occasional shaking. 
Samples for analysis (2.0 cc. each) were taken as follows: Experiment 1, at 
zero time just before addition of the liver enzyme, and after 1 and 2 hours of 
incubation; Experiment 2, after 2 hours of incubation. The remaining 24 
cc. (Experiment 2) were used for isolation of malic acid as outlined below. 
Immediately after withdrawal, the samples taken for analysis were placed 
in a boiling water bath for 3 minutes, cooled, and centrifuged. The clear 
supernatants were used for determination of malic acid. 

An approximate spectrophotometric determination of /-malate in the 
samples from Experiment 1 was carried out on 0.1 ec. aliquots of the super- 
natants, pigeon liver enzyme of specific activity 168, with 88 y of protein, 


at * ft et) Oe 


it. 


1; 
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and 0.135 micromole of TPN... beingusedineachcase. From the amount of 
TPNrea. present when the reaction came to a standstill, it was calculated 
that the following amounts of /-malate were present in 10 cc. of reaction 
mixture: at time zero, 0.31 micromole; after 1 hour, 3.05 micromoles; after 
2 hours, 5.0 micromoles. The results of the manometric estimations are 
shown in Table VIII. By this method, 8 micromoles of /-malate were found 


Tasie VIII 
Manometric Determination of l-Malate Formed by Reaction 5 


Determination based on the measurement of the CO: evolution caused by the 
reaction, /-malate + pyruvate — pyruvate + CO, + lactate, catalyzed by purified 
pigeon liver enzyme and lactic dehydrogenase in the presence of TPN and Mn**. 
0.08 m acetate buffer, pH 5.2, 5 micromoles of MnClz, 55 micromoles of pyruvate, 
0.135 micromole of TPN, pigeon liver enzyme (free of fumarase, specific activity 168) 
with 440 y» of protein, and an excess of crystalline lactic dehydrogenase. Other 
additions as indicated. Final volume 2.5 cc. Gas, air; temperature, 38°. The 
reaction was started by tipping in pigeon liver enzyme from the side bulbs of War- 
burg vessels after temperature equilibration. 








CO: evolution, c.mm. 

















Time : } | Experiment | Experiment | Experiment 
—_ 2.23 micro- | 3.72 micro-| 11.2 micro-| 1. 1.5 ce. 1.1.5cc. | 2.1.5 cc. 
Blank moles moles | moles supernatant | supernatant | supernatant 
l-malate i-malate | /-malate before in- | after 2 hrs. | after 2 hrs. 
cubation incubation | incubation 
min 
10 | 41 0 27 | 37 
15 3 48 51 | | on 
20 53 | 0 34 54 
co * 6 55 86 = i 64 34 | 61 
= _ —_ —_— _ _ _ —--- —— | —— —_———_—-— | 
CO: (corrected for 49 80 | 236 28 55 
blank), c.mm. | 
os € ~ - | j | 
l-Malate found, 1.97 3.57 10.5 0 | 1.25 | 2.46 
micromoles 
Total l/-malate 8.35 42.6 


} 
formed, micromoles 





* 30 to 150 minutes, depending on the amount of malate present. 


in 10 ce. of reaction mixture in Experiment 1, and 42 micromoles of l-malate 
in 26 ce. of reaction mixture in Experiment 2, both after 2 hours of incuba- 
tion. This corresponds to about 3 and 4 per cent respectively of the pyru- 
vate added. It will be observed that the amounts of /-malate formed in 
each case are well in excess of the amount of TPN present, as required by 
Reaction 5. 

For identification of the malic acid, the remaining 24 cc. of reaction mix- 











994 BIOSYNTHESIS OF DICARBOXYLIC ACIDS. I 


ture from Experiment 2 were worked up as follows: The solution wags 
cooled in ice, 5.0 ec. of ice-cold 10 per cent sodium bisulfite were added (to 
bind the pyruvate), and, after 5 minutes, the mixture was deproteinized 
with 8.0 cc. of ice-cold 15 per cent metaphosphoric acid. The protein pre- 
cipitate was removed by centrifugation and the supernatant was extracted 
with ether continuously for 72 hours (11). The residue obtained after 
evaporation of the ether was dissolved in a little water, the solution was 
brought to pH 5.0 with ammonium hydroxide, precipitated with neutral 
lead acetate, and the lead precipitate was extracted with dilute nitric acid, 
The lead salt, obtained by bringing the pH of the nitric acid solution to 6.5 
with dilute ammonium hydroxide, was redissolved in dilute nitric acid and 
reprecipitated at pH 6.5 as before. This was repeated once more. Finally 
the lead salt was suspended in a little water and decomposed with hydrogen 
sulfide. The solution was brought to pH 7.4 with dilute sodium hydroxide 
and made up with water to 3.5 ce. (Solution 1). 

As a control, a 6.0 mg. sample (45 micromoles) of authentic /-malic acid 
was dissolved in water, precipitated with lead acetate at pH 5.0, and the 
precipitate was extracted with acid followed by fractionation of the lead 
salts as above. The final solution of free acid was brought to pH 7.4 and 
made up with water to 3.5 ec. (Solution 2). 

Fig. 4 illustrates the results of the enzymatic experiments carried out 
with the above solutions. Curves 1, 2, and 3 show the presence of /-malic 
acid. Curve 4 is a control of the enzymatic determination of pyruvate 
with lactic dehydrogenase. Curve 5 shows that Solution 1 (0.04 cc. added 
at Arrow b) contained no pyruvate. Curve 6 shows that pyruvate was 
formed on incubation of an aliquot of Solution 1 with pigeon liver enzyme, 
Mnt*+, and TPN,x.. This was done as follows: After completion of the re- 
action shown in Curve 3 (indicating the presence of 0.105 micromole of 
l-malic acid in 0.1 ec. of Solution 1) the reaction mixture (3.0 cc.) was acidi- 
fied with 0.1 ec. of 2.0 N HCl and heated at 100° for 3 minutes; TPNeea, is 
thus destroyed. After cooling, the mixture was brought back to pH 7.4 with 
0.1 ec. of 2.0 N NaOH and centrifuged. 2.0 ec. of the clear supernatant, 
which should contain 0.105 X 2/3.2, or 0.066 micromole, of pyruvic acid, 
was mixed with an excess of DPNyreg. and crystalline lactic dehydrogenase. 
Curve 6 (Fig. 4) shows that 0.069 micromole of pyruvic acid was found. 

According to the data of Fig. 4, 3.5 cc. of Solution 1, equivalent to 24 ce. 
of the reaction mixture of Experiment 2, contained 3.7 micromoles of 
l-malic acid or 4.0 micromoles for 26 ec. of reaction mixture. Since direct 
manometric determination gave 42.6 micromoles (Table VIII), the recovery 
(about 9.5 per cent) was very low. It should be observed, however, that 
the fractionation procedure, the main object of which was the complete re- 
moval of pyruvate, led to low recovery of the acid in the control with an 








S. OCHOA, A. H. MEHLER, AND A. KORNBERG 995 





0.40 J 
— 0.200 
0.35 
0 0.175 
' 
0.304 











0.069 micromoles 
pyruvic acid — 0.150 








uJ 

2 

ca 

oO 

uJ 

oul 

Oo 

am 

0.25 ” 

— 0.125 w 

a , 2 

€ 0.046 micromoles 5 

ro} pyruvic acid a 

ow) 0.105 micromoles 40.100 q@ 
i-malic acid 

2] oO 

"O15 E rs} 

- 0.0755 

4 Q 

Ww 

ex 

0.10 —_ wan 0.050 ” 

0.0455 micromoles be 

l-malic acid S 

0.05 +0.0256 

a 

° 

= 





Sea, tae ee P 
0 4 8 \2 16 20 24 £28 
MINUTES 


Fic. 4. Enzymatic identification of l-malie acid formed by dismutation between 
glucose-6-phosphate and pyruvate + CO,. 0.025 m glycylglycine buffer, pH 7.4, 
with other additions as indicated. Final volume, 3.0 cc.; temperature, 22°. Quartz 
cells; d = 1.0 cm. The blank cells contained no pyridine nucleotide. Malice acid 
estimations (Curves 1, 2, and 3), 1.0 micromole of MnCl., either 0.1385 (Curves 1 
and 2) or 0.203 (Curve 3) micromole of TPN ox., and at time zero, liver enzyme 
(specific activity 168) with 132 y of protein. Curve 1, 0.02 ce. of Solution 2 (see the 
text); Curve 2, 0.04 ec. of Solution 1; Curve 3, 0.1 ec. of Solution 1. Pyruvie acid 
estimations (Curves 4, 5, and 6), varying amounts of DPNrea. and, at time zero, 
crystalline lactic dehydrogenase. Curve 4, 0.045 micromole of pyruvate added at 
Arrow a. Curve 5, 0.04 ec. of Solution 1 added at Arrow b; excess of pyruvate added 
at Arrowe. (The failure of the optical density to drop to zero is due to the presence 
of traces of hydrosulfite in the preparation of DPNyea..) Curve 6, 2 ce. of filtrate 
from the experiment reproduced in Curve 3, present from the beginning; crystalline 
lactic dehydrogenase added at Arrow d. The amounts of l-malic acid or pyruvic 
acid found are given for each curve. 





authentic sample of /-malic acid. Fig. 4 shows that 3.5 ec. of Solution 2 
contained 8 micromoles of malic acid. Since 45 micromoles were fraction- 
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ated, the recovery was only 18 per cent. The control involved only frye. 
tionation of the lead salts without deproteinization and ether extraction, 


DISCUSSION 


It would appear that the reversible oxidative decarboxylation of malic 
acid is catalyzed either by a single enzyme or by enzymes which are so closely 
associated as to form a functional unit. There is some support for this — 
the data presented in the last column of Table V. 

Reaction 1 is probably the over-all result of the individual Reactions & 
and 9. The fact that apparently the same enzyme is able to catalyze 
Reactions | and 9 would seem to support such a view. 

(8) d-Malate + pyridine nucleotide... —@ oxalacetate + pyridine nucleotide,,, 
(9) Oxalacetate = pyruvate + CO, 


However, we have no evidence that Reaction 8 is catalyzed by the liver 
enzyme, and attempts to obtain, in its presence, a reduction of oxalacetate 
by TPNrea, have so far been unsuccessful. One might, of course, think 
that, while the enzyme is able to decarboxylate synthetic oxalacetate, the 
real intermediate might be a form of oxalacetate which differs in some re- 
spect from the one obtained by synthesis. The fact that the enzyme is 
fully active in the absence of inorganic phosphate and ATP would seem to 
exclude phosphorylated intermediates, although the third phosphate in 
TPN might be involved in some as yet unknown manner. ‘The specific 
stimulation by TPN of the decarboxylation of oxalacetate by the pigeon 
liver enzyme, which is not shared by the oxalacetic carboxylase of M7iero- 
coccus lysodetkticus, might be significant in this connection. Such an effect 
of TPN adds some support to the idea that both the over-all reaction and 
the decarboxylation of oxalacetate are catalyzed by one and the same 
enzyme or functional enzyme unit. 

It is easy to visualize the failure of a mixture of malic dehydrogenase and 
oxalacetic carboxylase, each catalyzing Reactions 8 and 9 respectively, 
to catalyze the over-all reaction. Since the equilibrium of Reaction 8 is 
known to be far to the left, while that of Reaction 9 is far to the right, each 
would give rise from either side to minimum amounts of oxalacetate which 
would reach the surface of the other enzyme at too low a concentration to 
react at a significant rate. However, with a single enzyme involved, one 
could conceive that the intermediary oxalacetate might reach a sufficiently 
high local concentration to be metabolized in either direction right on the 
surface of the enzyme where it was produced. 

While it is clear that the pigeon liver enzyme is responsible for the large 
fixation of CO, in fumarate and malate observed by Evans ef al. (5) and by 
Wood ef al. (12), its relation to the fixation of COs in oxalacetate, occurring 
only in the presence of ATP (13, 6), is a matter for conjecture, TPN can- 
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a- | not be substituted for ATP for such a fixation® (6). Thus, there might be 
a mechanism for fixation of CO. by pyruvate other than that involving the 
‘malic’ enzyme. Since the experiments on fixation of COs» in oxalacetate 
| have so far been performed only with crude, or slightly purified, pigeon 

lie | jiver preparations, it would be desirable to carry out such experiments with 
ely | purified oxalacetic carboxylase from Micrococcus lysodeikticus, which does 
in | not catalyze Reaction 1, and with highly purified preparations of the 

pigeon liver enzyme. 


56 There seems to be some relationship of biotin to the liver enzyme (14); 
y 20 the nature of this relationship, however, is still obscure. 

It may be significant that two systems of CQO» fixation involving 6 car- 
boxylation of an a-keto acid, namely the isocitric and malic systems, both 
depend on TPN-specific enzymes for activity. 

ver | Methods 

a Crystalline lactic dehydrogenase and malic dehydrogenase were prepared 
th according to Straub (8, 10). Fumarase was purified from ox heart by the 
mn method of Laki and Laki (15) but it was not crystallized. The glucose-6- 
| , phosphate dehydrogenase (Zwischenferment) was kindly supplied by Dr. 

7 Erwin Haas. 

2 The preparations of DPN and TPN were the same used in previous work 
” (2,3). The TPN preparation (purity, 54.6 per cent), which was free from 
ve inorganic phosphate, contained little or no adenosine polyphosphate 
a ADP, ATP) as shown by a sensitive spectrophotometric test. This test 
- is based on the following reactions: 
ind (10 Phosphopyruvate + ADP & pyruvate + ATP 
me | 11 ATP + H.O — ADP + orthophosphate 

The enzyme catalyzing Reaction 10 has been isolated by Kubowitz and 

nd Ott (16); Reaction 11 is catalyzed by adenosinetriphosphatase. The net 

ly, result is Reaction 12. 

* 12 Phosphopyruvate + H.O — pyruvate + orthophosphate 
ich Reaction 12 requires the presence of catalytic amounts of ADP or ATP, 
to but is not affected by DPN or TPN. The rate of this reaction is, within 
mn certain limits, a function of the concentration of adenosine polyphosphate. 
tly The rate of formation of pyruvate is determined, in the presence of DPNyea. 
he and lactic dehydrogenase, by spectrophotometric measurement of the rate 
of oxidation of DPN,.g (Reaction 6). The results of these tests are illus- 
ge trated in Fig. 5. An ammonium sulfate fraction from rabbit muscle extract, 
by kindly supplied by Dr. KE. Racker, contained the necessary enzymes, includ- 
ng ing lactic dehydrogenase. 
in- 


® Utter, M. F., and Wood, H. G., personal communication. 
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The preparation of TPNyea, has already been described (2). Phos. 
phopyruvate was kindly supplied by Dr. Gerhardt Schmidt. /-Malic and 
fumaric acids were obtained commercially. d-Malic acid was prepared 
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Fig. 5. Enzymatic test for ATP. 0.025 m glycylglycine buffer, pH 7.4, and vary 
ing amounts of DPN,.qg, with other additions as indicated. Final volume 3.0 ee.; 
temperature, 22°. Quartz cells; d = 1.0 em. The blank cells contained no DPN 
Curve 1, crystalline lactic dehydrogenase and, at time zero, 2.7 micromoles of phos 
phopyruvate; at Arrow a, addition of 0.135 micromole of ATP. Curve 2, (NH,).S0, 
fraction from rabbit muscle extract (see the text) and, at time zero 1.35 micromoles 
of phosphopyruvate; at Arrow 6b, addition of 0.135 micromole of ATP. Curve 3, 
muscle fraction and, at time zero, 1.35 micromoles of phosphopyruvate; at Arrow « 
addition of 0.0675 micromole of TPN,..; at Arrow d, addition of 0.0135 micromole of 
ATP. Curve 4, muscle fraction and, at time zero, 1.35 micromole of phosphopyru 
vate; at Arrow e, 0.0675 micromole of TPN,,x.; at Arrow f, 0.027 micromole of ATP 


from a commercial sample of d/-malic acid by resolution with cinchonine 
according to Dakin (17). 


* We are greatly indebted to Dr. B. B. Brodie for a generous supply of the alkaloid. 
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Highly specific methods for the determination of pyruvate and [-malate, 
with use of crystalline lactic dehydrogenase and the pigeon liver enzyme 
respectively, have been outlined in a previous section. The spectrophoto- 
metric method for malate gives satisfactory results with enzyme of specific 
activities between 150 and 200, provided that pyruvate is not present in too 
large amounts relative to makate. A 5-fold excess of pyruvate does not 
interfere. If higher relative amounts of pyruvate are present, the mano- 
metric method is preferable. However, the sensitivity of the former 
method is much higher, since about 5 y of l-malate can be accurately deter- 
mined. By using purified fumarase in combination with the pigeon liver 
enzyme, /-malate and fumarate can be determined separately in a mixture 
containing both compounds. 


SUMMARY 

The partial purification and properties of a T'PN-specific enzyme from 
pigeon liver, catalyzing the reversible oxidative decarboxylation of l-malate 
to pyruvate and COs, and the decarboxylation of oxalacetate to pyruvate 
and CO» are described. The activity of this enzyme is markedly enhanced 
by manganous ions. While the evidence so far obtained suggests that a 
single enzyme, or functional enzyme unit, is involved, final decision on this 
point must await further purification. 

The new enzyme probably plays a major role in the fixation of CO, by 
pyruvate in the liver. In analogy with the tricarboxylic acid system, the 
equilibrium of the over-all reaction, markedly in favor of decarboxylation, 
can be shifted in the opposite direction through a TPN-linked dismutation 
with the glucose-6-phosphate dehydrogenase system. ‘The small amounts 
of l-malic acid formed from pyruvie acid and COz, under these conditions 
have been determined and identified by enzymatic methods. 


Our thanks are due to Miss Marian L. Blanchard and Dr. J. B. Veiga 
Salles for help with some of the experiments. We are also indebted to Mr. 
Morton C. Schneider for technical assistance. 
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The mild oxidation of isoatisine, Cx2H 33;02.N, with permanganate to a 
neutral derivative, Co2H;,;03;N, has been previously described (1). Further 
studies have shown that isoatisine and atisine can be oxidized to a mixture 
of acidic substances by more drastic procedures and the separation of sev- 
eral of these acids is reported here. The oxidation presumably passes 
through the neutral lactam stage such as oxoisoatisine, since the acids are 
not amphoteric and have given no indication of the retention of a basic N 
group. 

[soatisine has given a fricarboxylic acid, CyHwOrN, in good yield. The 
additional oxygen is assumed to be present in the lactam grouping. The 
acid melts with evolution of approximately | mM equivalent of CO. (within 
15 minutes). Since the acid was stable to heating with rather concen- 
trated acid or alkali, decarboxylation of a malonic or acetoacetic acid type 
appears excluded. Both the acid and its thorium salt were pyrolyzed under 
a variety of conditions in attempts to obtain a cyclic ketone, the formation 
of which might have been the source of the COQ.. However, only small 
amounts of & resinous mixture resulted, from which nothing crystalline 
could be obtained. The study of such material was therefore inconclusive, 
although its neutralization equivalent indicated the retention of approxi- 
mately two carboxyl groups. 

The trimethyl ester obtained with diazomethane from the acid, C2:H2»O7N, 
although non-crystalline, was purified by sublimation. It could be saponi- 
fied quickly to a crystalline monomethyl ester. The latter proved to be rela- 
tively resistant to further saponification. The carboxyl group involved 
appears most probably to be of tertiary character. The monomethyl ester 
when heated above its melting point only very gradually yielded an appre- 
clable amount of COs, and after an hour this amounted to about 0.5 
M equivalent. This suggests that the tertiary carboxyl group may be 
the source of the CO, in the case of the acid itself. 

The tricarboxylic acid when refluxed with aniline yielded a derivative, 
CxH»O;Ne, titration of which showed it to bea monocarboxylic acid. The 
compound must therefore be a cyclic N-phenylimide which indicates the 
proximity of the two carboxyl groups involved. On treatment of the 
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phenylimide with diazomethane, the imide ring was opened with the formas. 
tion of a dimethyl ester anilide. 

In an attempt to hydrogenate the tricarboxylic acid in methanol which 
contained HCl, hydrogenation did not occur but the substance recovered 
proved to be a dimethyl ester. In the latter, because of its ease of saponifi- 
cation to the original tricarboxylic acid, the tertiary carboxyl group could 
not have been involved. The dimethyl ester, however, now appeared 
sufficiently stable on heating to permit of its distillation unchanged. 

The tricarboxylic acid was dehydrogenated with selenium to a mixture of 
phenanthrene hydrocarbons from which 1,6-dimethylphenanthrene was 
separated. If one excludes the unlikely production of a phenanthrene hy- 
drocarbon by ring closure of a naphthalene fragment or the rather improb 
able conversion of a carboxyl to a methyl group during the dehydrogenation, 
the production of 1,6-dimethylphenanthrene is of special significance, since 
it has already been shown that 1-methyl-6-ethylphenanthrene is a dehy- 
drogenation product of atisine (2). This indicates that in the production 
of the acid, C.;H.,0;N, from isoatisine, the oxidation must have involved 
that portion of the molecule which gave rise to the ethyl group in methyl- 
ethylphenanthrene. 

The probable absence of a double bond in the tricarboxylic acid was indi- 
cated by the failure of attempts to hydrogenate it in methnnol, in acetic 
acid, or in methanolic HCl. On such a basis, the formulation requires its 
tetracyclic character. Other evidence is against its unsaturated tricyclic 
character. If the latter were the case, the non-basic lactam N atom would 
be restricted to a side chain. But all attempts to hydrolyze the substance 
proved futile. It was recovered unchanged in excellent yield after treat- 
ment with 8 n HCl at 150° for 6 hours, after solution in concentrated H.SO, 
at room temperature for several days, after refluxing in 10 per cent NaOH 
for 6 hours, after fusion with molten alkali at 300°, and after treatment with 
the methyl Grignard reagent under forcing conditions. A simple amide 
linkage would be expected to be opened by such procedures. The observed 
stability of this linkage may be due to its inclusion in the fourth ring of the 
tricarboxylic acid, with a steric arrangement which is very resistant to 
cleavage. 

An effort was made to determine whether the nitrogen was of secondary 
or of tertiary character. The substance was treated with bromine in meth 
anolic NaOH under the conditions of the Hofmann degradation but was 
recovered unchanged. Similarly unsuccessful were attempts to brominate 
it in neutral or in acid solution. Because of the negative outcome of such 
experiments, the degree of substitution of the lactam nitrogen has not been 
determined. It appears certain, however, that the latter does not bear an 
ethyl group, since the 21 carbon atoms of the substance have been accounted 


pal 
tre 
ph 
dic 
ha: 


acl 
tl0 
ch: 


sil 


yie 
Ox 


le 





C. F. HUEBNER AND W. A. JACOBS 1003 


for in the following manner: 16 are present in the 1,6-dimethylphenan- 
threne fragment, 3 in the carboxyl groups, 1 in the lactam group, and 1 in 
the carbon atom lost during the oxidation of isoatisine to the Co:HeO7;N 
acid. Although the original alkaloid gave about 50 to 60 per cent of the 
required amount in the N-alkyl determination, oxoisoatisine gave about 35 
per cent and the tricarboxylic acid only about 19 per cent of the theoretical 
for N ethyl (determined as NCHs). Isoatisine under the conditions of the 
N-alkyl determination has previously been shown to yield ethyl iodide 
together with small amounts of methyl iodide (1). But the difficulties 
which we have encountered in the N-alkyl determinations with this class of 
substances have made it unsafe to base too much on the results obtained. 
There is a possibility that if atisine and isoatisine do not possess a simple 
N-ethyl group, the tertiary N could be contained in two rings in such a way 
that the source of the ethyl iodide is a two carbon bridge involving the 
Natom. The loss of two carbon fragments has already been indicated by the 
conversion of oxoisoatisine with methanolic HCl] to an apparent C»H2903;N 
derivative and by the production of a Cx5H2sON compound from atisine by 
catalytic dehydrogenation under high pressure (1). But the available data 
do not permit a final decision as to whether the so called N-ethyl group is 
involved in these transformations. 

More recently, an apparent loss of a two carbon fragment accompanying 
partial decarboxylation of the tricarboxylic acid has also been noted. By 
treatment of the latter with either thionyl chloride or bromine and phos- 
phorus tribromide followed by decomposition with water, a crystalline 
dicarboxylic acid was produced for which a possible formulation, CisH20;N, 
has been suggested by the analytical data. 

The tricarboxylic acid does not appear to be a monosubstituted acetic 
acid, RCHeCOOH, because of the failure to brominate it under the condi- 
tions of the Hell-Volhard-Zelinsky method and because of its recovery un- 
changed when the Hunsdiecker reaction (3), 7.e. the action of bromine on its 
silver salt, was attempted. 

Atisine, when oxidized under the same conditions used for isoatisine, 
yielded a dicarboxylic acid, CyH»O.N, in very small yield, together with 
oxalic acid. No oxalic acid was isolated from the oxidation of isoatisine 
described above. The acid which was separated from the oxidation mix- 
ture by the counter-current procedure of Craig (4) showed no basie proper- 
ties and was therefore of lactam character. It proved to be stable above its 
melting point and could be sublimed unchanged. The saponification of its 
crystalline dimethyl ester to a more resistant monomethyl ester suggests the 
tertiary character of one of the carboxyl groups. The substance absorbed 
hydrogen in acetic acid and, although a crystalline product was obtained, 
its formulation remains uncertain and will be left to a later communication. 








oe alee aed 





1004 ACONITE ALKALOIDS. XXI 


Like the tricarboxylic acid from isoatisine, this acid, from its formulation and 
ability to react with hydrogen, possibly contains four rings. It did 
notreact with hydroxylamineand its absorption spectrum did not indicate the 
presence of a carbonyl group. By a more drastic oxidative procedure with 
permanganate, a CigHs7O.N tricarboxylic acid was also obtained from ati- 
sine. It was isolated in very small yield by the counter-current procedure. 

From the facts at hand it is still premature’ to attempt to suggest definite 
structures for atisine and isoatisine. However, the data appear to permit 
of certain conclusions. There appears to be present a pentacyclic struc- 
ture made up in part of a perhydrophenanthrene nucleus with a methy| 
group attached to position 1. Fused to this is a bicyclic structure con- 
taining the tertiary N atom. One point of attachment of this moiety 
to the perhydrophenanthrene nucleus appears to be at position 6; in 
isoatisine the hydroxyl groups and the two double bonds of the original 
alkaloids do not appear to be a part of the perhydrophenanthrene nucleus. 
One of the hydroxyl groups appears to be of a primary character and the 
source of a carboxyl group on oxidation. A ring which is outside of the 
perhydrophenanthrene nucleus and contains a double bond, and perhaps 
one of the hydroxyl groups, appears to be ruptured during the oxidation to 
the tricarboxylic acid. 


EXPERIMENTAL 


Tricarboxylic Acid, CyH2»07,N, from Isoatisine—5 gm. of isoatisine in 
100 ee. of benzene were rapidly stirred with a solution of 1.25 gm. of NaOH 
in 100 ce. of water and cooled to 10°. At this temperature 15 gm. of pow- 
dered KMnQO, were added during 3 hours. An additional 5 gm. were 
added and the stirring continued overnight to complete the oxidation. The 
benzene was separated by centrifugation and vielded a negligible amount 
of resinous material. After removal of the MnOz, the aqueous filtrate was 
strongly acidified with HC]. A doughy mass separated which was reduced 
to a powder on chilling and collected. After solution in a minimum of 
hot water and cooling, platelets separated. By concentration two succes- 
sive fractions were obtained. The total yield was 2.6 gm. It decom- 
posed at 258-261° with gas evolution. 


lal = +9.3° (c = 1.34 in methanol) 
C.;H2s07N. Calculated. C 61.88, H 7.18, N 3.44, (N)CH; 3.68 
Found. (a) ‘‘ 62.04, ‘‘ 7.04, ‘‘ 3.45, es 0.70 

(6) “6G8,.** 4480, S200 
Neutralization equivalent (3COOH), calculated 135.7, found 139 


176 mg. of the acid were heated in a sublimation apparatus at 300° for 
15 minutes while a slow stream of CO.-free air was passed through the 
apparatus into a tower packed with glass beads containing 0.1 N Ba(OH)>. 
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Very soon the production of COz was evident. The temperature was low- 
ered to 120° and the air stream was continued for 30 minutes. Titration 
with 0.1 N HCl showed that 0.85 equivalent of CO. had been produced. 
An attempt was made to sublime the residue at 0.05 mm. from a bath at 
300° but only 15 mg. of an amber resin were obtained. 

100 mg. of the acid when melted and sublimed as rapidly as possible 
at 320° and 0.05 mm. yielded 35 mg. of a resin, C 62.20, H 7.03. A second 
experiment gave a resin which yielded C 62.93, H 7.50. 

Various methods of fractionation yielded nothing crystalline from such 
material. When the resin was dissolved in a large volume of ether and 
concentrated, an amorphous powder separated. Analysis showed C 64.23, 
H 7.51; neutralization equivalent 176. 

Methyl Esters of Tricarboxylic Acid—90.2 gm. of the C2HeO07N acid dis- 
solved in methanol was treated with an excess of diazomethane in ether. 
After removal of the solvent, the resinous residue of the trimethyl ester 
could not be crystallized and was sublimed at 300° and 0.05 mm. 130 mg. 
of a resin were obtained. 


laln = +9.6° (c = 2.09 in ethanol) 
CogH;;07N. Calculated. C 64.10, H 7.85, OCH; 20.71 
Found. "ae. 6.00; 19.61 


187.3 mg. of the trimethyl ester were heated at 100° in a mixture of 5 ce. 
of methanol and 13 ce. of 0.157 N NaOH. 0.5 ce. aliquots were withdrawn 
at intervals and back-titrated with 0.02 N acid. After 5, 30, and 100 
minutes, the alkali consumed was 1.89, 2.06, and 2.13 equivalents. The 
solution was concentrated to a small volume and acidified. The resinous 
mass which separated crystallized on boiling. After recrystallization from 
water, 62 mg. of rod-shaped crystals of the monomethyl] ester of the acid 
were obtained, which melted at 210—-215°. 


lalp = +1.8° (c = 1.67 in ethanol) 
Cooll;,07;N. Caleulated. C62.67,H7.42, N 3.33, OCH; 7.36, (N)CH;33.56 
Found. °° 62: 46°" 482" S48, “ 6 ce etZ 


Neutralization equivalent (2COOH), calculated 210.6, found 222 


220 mg. of the monomethyl! ester were heated in the apparatus as de- 
scribed above with the tricarboxylie acid itself. The substance melted at 
about 200°. Since no BaCO; was observed, the temperature was raised 
to 280° in 15 minutes, at which point a slight precipitate of BaCO; became 
evident. Heating was continued at this temperature for 60 minutes as the 
BaCO, slowly increased. By titration it was shown that 0.52 m equivalent 
of CO. had been produced. The residue, when subjected to a sublimation 
at 280° and 0.05 mm., vielded 70 mg. of a non-crystallizable resin. Found, 
C 64.53, H 8.12. 
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A rapid sublimation was performed by melting 200 mg. of the ester at 
220° and then rapidly raising the temperature to 300° with reduction of 
the pressure to 0.02 mm. 170 mg. of a resin were obtained. Found, © 
63.01, H 7.38. From dilute methanol 80 mg. were obtained crystalline: 
m.p. 200-210°. The melting point of a mixture with the original substance 
was 208-215°. 


CoH307N. Calculated, C 62.67, H 7.42; found, C 62.48, H 7.52 


2.1 gm. of the tricarboxylic acid were shaken for 3 days with 0.60 gm. of 
platinum oxide catalyst in 50 ce. of methanol which contained 2 ce. of HC] 
(1.19). The hydrogen absorption did not exceed that required by the 
catalyst. The substance recovered from the mixture proved to be a 
dimethyl ester and crystallized from methanol-water as stout rhombs which 
softened at 235° and melted at 240—-245°. 


[a]? = +15.3° (c = 2.02 in ethanol) 
C2;3H;;0;N. Calculated. C 63.41; H 7.64, OCH; 14.26 
Found. Gn700, °° 10a, "  ap.ce 


Neutralization equivalent, calculated, 435.27, found 410 


200 mg. of the dimethyl ester were sublimed at 250° and 0.02 mm. and 
the sublimate was recrystallized from dilute methanol. 130 mg. of starting 
material were recovered which melted at 240-245°. 

209 mg. of the dimethyl ester were heated at 100° with 14 ec. of 0.157 
N NaOH. Samples were withdrawn after 5, 15, and 60 minutes and 
showed the consumption respectively of 2.95, 2.95, and 2.99 equivalents 
of alkali. After acidification of the mixture the tricarboxylic acid was 
recovered and melted with decomposition at 260—261°. 

Aniline Derivatives of Tricarborylic Acid and Ester—100 mg. of the 
Co1H207N acid were refluxed in 0.5 ec. of freshly distilled aniline for 30 
minutes. Cold dilute HCl was added to the mixture and the solid material 
was collected. It was decomposed with dilute NaOH and the excess aniline 
was extracted with ether. The alkaline phase was acidified with HC! and 
the resulting gum was extracted with ethyl acetate. The extract after 
concentration yielded material which partially crystallized from ethanol- 
water. After repeated recrystallization from the same solvent, 30 mg. of 
stout needles were obtained which softened at 293° and melted at 299-302 
with gas evolution. 


C27H3,0;Ne. Calculated. C 69.79, H 6.95, N 6.03 
Found. G8 292. **6.98, °* 6530 
Neutralization equivalent, calculated 464.26, found 476 


20 mg. of the aniline derivative were suspended in 2 cc. of methanol and 
an excess of diazomethane in ether was added. After an hour at room 
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temperature the solvents were removed and the residue was dissolved in 
ethyl acetate. The solution was shaken with 5 per cent NaOH, dried, and 
evaporated to dryness. The residue yielded from dilute methanol 15 mg. 
of fine needles which melted at 230-235°. After three recrystallizations, 
the melting point was 235-238°. 


CooH;sOgN2. Calculated. C 68.19, H 7.50, N 


ek .49, OCH; 12.16 
Found. ** 68:32; ** 7.30; °°* 


.83, “ 10.98 


or or 


Dehydrogenation of Tricarboxylic Acid—A mixture of 2 gm. of the acid 
CoH2gO7N and 2.3 gm. of selenium was heated in a tube fitted with an air 
condenser. At 260° vigorous gas evolution accompanied by water con- 
densation was noted. The temperature was raised to 320° for 7 hours. 
The ground reaction mass was repeatedly extracted with hot benzene. 
The benzene solution was shaken in turn with 10 per cent HCl and 5 per 
cent NaOH. The former was made alkaline with NaOH and extracted 
with ether. The latter yielded on concentration 50 mg. of a basic fraction. 
The NaOH extract after acidification with HCl yielded a negligible amount 
of acidic material. The benzene solution of the neutral fraction is de- 
scribed below. 

The crude basic fraction was chromatographed on alumina (Merck) 
from benzene. By elution with benzene a zone which showed blue fluores- 
cence under ultraviolet light was obtained. It consisted of 10 mg. of a 
colorless oil with a quinoline-like odor. The picrate was prepared and, 
after two recrystallizations from ethanol, 5 mg. of small yellow needles 
were obtained which melted at 311-316°. Further study of the substance 
has been deferred because of the amount available. 


C,7He3N-CeH;O7N Caleulated, C 58.69, H 5.57; found, C 58.75, H_ 5.74 


The benzene solution of the neutral fraction when concentrated to dry- 
ness yielded 0.51 gm. of a brown tar. This was chromatographed on 
alumina from benzene. On elution with benzene a band which fluoresced 
under ultraviolet light emerged and amounted to 0.11 gm. This was 
rechromatographed on alumina from petroleum ether. Elution with 10 
per cent benzene in petroleum ether yielded 50 mg. of a colorless oil which 
crystallized on chilling. After two recrystallizations from ethanol, 20 
mg. of plates were obtained which softened at 90° and melted completely at 
105°. Since it was an obvious mixture, its further fractionation was 
studied. 

A chromatograph on alumina with petroleum ether as solvent was pre- 
pared. The column was developed and eluted with 1:10 benzene-petrol- 
eum ether. As a broad fluorescing zone emerged, it was divided into two 
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fractions. The first fraction after recrystallization from ethanol melted 
at 85-95°. 


CisHiy. Calculated, C 93.15, H 6.85; found, C 93.31, H 6.78 
The second fraction yielded crystals which melted at 95—100°. 
Found, C 93.32, H 6.63 


The picrate of the first fraction was prepared and after two recrystalliza- 
tions from ethanol melted at 140-141°. The hydrocarbon was regenerated 
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from the picrate by passing its ethanol solution through alumina. After 
recrystallization from ethanol, the hydrocarbon was obtained as_ plates 
which melted at 84-88°. The ultraviolet absorption spectrum is shown 
in Fig. 1. A sample of 1,6-dimethylphenanthrene, which was kindly sent 
to us by Professor R. D. Haworth, melted at 88-90°. A mixture of the 
two melted at 86-88°. The picrate of the purifted dehydrogenation hydro- 
carbon crystallized from ethanol in yellow-orange needles which melted 
at 142-143°. 


CisHig-CeHsO7N;. Calculated. C 60.66, H 3.93 
Found. “"OO.57, ** 8281 
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The melting point of a mixture with the picrate prepared from the au- 
thentic 1,6-dimethylphenanthrene was 142-143°. The trinitrobenzene 
addition product prepared from the hydrocarbons from both sources crystal- 
lized from ethanol in pale yellow needles and melted at 163-164°. No 
depression in melting point was noted with a mixture of the two substances. 

Action of Bromine-Phosphorus Tribromide and of Thionyl Chloride on 
Tricarboxylic Acid—2 gm. of the tricarboxylic acid were mixed with 1 ce. 
of bromine, and 0.5 ec. of phosphorus tribromide was added with stirring. 
After standing overnight at room temperature, the mixture was heated on 
the steam bath for | hour and then boiled with 50 cc. of water. On cool- 
ing, a yellow resin formed. This was recrystallized in portions from water 
as described below for the thionyl chloride product. The substance sepa- 
rated as small aggregates of microscopic often triangular leaflets which 
melted at 220-223°. 

C,sH20;N. Calculated. C 64.44, H 7.52, N 4.18 
CysH2705N. " * 64.05, * 8.07, “ 4.15 
Found. “* 64.40, “ 7 ‘4.18 

Neutralization equivalent, calculated 167.6, 168.6, found 185 


“J 


150 mg. of the substance in methanol were treated with an excess of 
diazomethane. After removal of the excess reagent and solvent by con- 
centration the residue was sublimed at 200° and 0.02 mm. 130 mg. of a 
resin were collected which could not be crystallized. 

CooH2pO;N. Caleulated. C 66.07, H 8.05, OCH; 
C2oH;,0;N. = “65.21; “ &. 35, i mye 
Found. ‘* 65.68, “* 8.18 17.05 


0.1 gm. of the tricarboxylic acid, when stirred with 1 ce. of purified 
thionyl chloride for 30 minutes, gradually dissolved. After warming to 60° 
for 10 minutes, excess reagent was removed in vacuo. The residue was 
boiled with 100 ec. of water and filtered from a vellow gum. The extract 
was concentrated to about 10 cc., when triangular leaflets separated which 
were larger than in the previous case. 30 mg. were collected. They lost 
birefringence at 200° and melted at 220° with decomposition. 


Found. (a) C 64.11, H 7.97, N 3.91 
(b) ‘“* 64.15, “ 7.84 
Neutralization equivalent, found 188 


Methylation with diazomethane and distillation at 220° and 0.02 mm. 
yielded a resin which could not be erystallized and closely resembled in 
properties the ester described above. Found, C 65.78, H 8.39. 

Attempted Degradation of Tricarboxylic Acid with Divide (3)—200 mg. 
of the tricarboxylic acid were dissolved in an equivalent of dilute NaOH 
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and treated with a solution of 0.27 gm. of silver nitrate in 3 cc. of water 
with vigorous shaking. The gelatinous silver salt was collected, washed 
well with water, and then dried in vacuo over phosphorus pentoxide. The 
resulting 300 mg. were refluxed in 20 ec. of dry carbon tetrachloride and a 
solution of 0.2 m bromine in this solvent was added. 10 cc. were rapidly 
decolorized. An additional 10 ce. were added and the heating was con- 
tinued for 30 minutes. The solid material was filtered off and the filtrate 
on evaporation yielded a negligible residue. The silver salt was decom- 
posed with dilute HCl and in turn shaken with dilute NaOH. The fil- 
trate from the solid material when acidified with HCI yielded a gum which 
was collected. On recrystallization from water 90 mg. of plates were ob- 
tained which melted with decomposition at 259-262° and proved in other 
ways to be unchanged tricarboxylic acid. 
CyH»O;N. Calculated, C 61.88, Hf 7.18; found, C 61.47, H 7.05 


Dicarboxylic Acid, CyHegOsN, from Atisine—5 gm. of atisine hydro 
chloride were stirred rapidly in a mixture of 100 cc. of benzene and 100 ce. 
of H:O which contained 1.25 gm. of NaOH. The temperature was kept 
at 10° and 8.6 gm. of KMnQ, were added in small portions during 3 hours. 
The mixture was then allowed to reach room temperature and an additional 
9.4 gm. of KMnQ, were added in three portions. By morning the reagent 
had been completely used up. The aqueous and benzene phases were 
separated and the latter yielded only 50 mg. of a neutral resin which was 
discarded. The aqueous filtrate was acidified with HCl and 3.2 gm. of a 
resin were collected. The filtrate from this was concentrated to dryness 
and the residue was extracted repeatedly with hot ethyl acetate. The 
latter on slow concentration vielded large crystals. These were recrystal 
lized from water. 0.23 gm. of oxalic acid dihydrate was obtained. The 
latter lost crystal water at 105-109° and decomposed with vigorous gas 
evolution at 195-196° and agreed in other properties with an authentic 
sample. 


Neutralization equivalent, calculated 63.02, found 63.2 


The 3.2 gm. of resin were subjected to a nine stage counter-current dis- 
tribution in separatory funnels with, in each case, 50 ce. of ethyl acetate 
and 50 cc. of 2 m phosphate buffer (pH 5.9). After the distribution each 
funnel was made strongly acid with H.SO; and repeatedly extracted with 
ethyl acetate. The material from Funnels 5 and 6 partially crystallized 
after evaporation of the solvent. The crystalline material was collected 


with ethyl acetate and recrystallized from dilute ethanol. 0.2 gm. of 


rhombs was obtained which melted at 323-326° after preliminary soften- 
ing at 310°. 
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la]p = —23.5° (c = 1.62 in ethanol) 
CoH206N. Calculated. C 64.41, H 7.47, (N)CH; 3.84 
Found. (a) ‘* 64.60, ‘* 7.33 ~ 
- (b) ‘* 64.37, ‘* 7.41 
Neutralization equivalent, calculated (2COOH) 195.62, found 193 


After recrystallization from an ethanol-ethyl acetate-petroleum ether 
mixture, the melting point remained essentially unchanged. 


Found, C 64.29, H 7.57 


100 mg. of the acid were sublimed at 250° and 0.02 mm. 80 mg. of a 
partially crystalline resin were collected. Found C 64.37, H 7.60. When 
recrystallized from ethyl acetate it melted at 325-330°, and showed no 
depression when mixed with the original acid. Found C 64.30, H 7.41. 

Dimethyl Ester and Monomethyl Ester-—100 mg. of the dicarboxylic acid 
in acetone suspension were treated with excess diazomethane. After 
removal of solvent the residue was recrystallized from dilute ethanol. 
It formed needles; m.p. 193-195°. 


.93, OCH, 14.80 


Cx2H3,06N . ( alculated. C 65.83, H 7 
5.72, “* 7.89, “ 14.20 


Found. «6 


30.6 mg. of the dimethyl ester dissolved in 2 cc. of methanol were heated 
at 100° with 2 ce. of 0.157 N NaOH. Aliquots withdrawn after 1 hour and 
12 hours showed respectively the consumption of 0.99 and 1.04 equivalents 
of alkali. The solution was acidified and concentrated to small volume. 
Needles separated which were collected and recrystallized from dilute 
ethanol; m.p. 229-232”. 

CooH3,06N. Caleulated. C 65.14, H 7.71, OCH; 


Found. 00.07, °° 7:70 
“ 65.56, “ 7 


.65, (N)CH; 3.70 
OU; as 0.73 


“JI J 


72 


od 


CigHoxO.N Acid from Atisine—5 gm. of atisine hydrochloride were 
stirred with a solution of 1.5 gm. of NaOH in 50 ee. of H2O and 50 ce. of 
benzene. Without cooling 30 gm. of KMnQ, were added in small portions 
during 2 hours. The aqueous phase was then separated. This was heated 
on the steam bath and an additional 10 gm. of KMnQO, were added during 
2 hours. The filtrate from MnOsz was acidified with HCl. The filtrate 
from a small gummy precipitate was extracted three times with 25 ce. 
portions of ether which on evaporation yielded 1.07 gm. of a syrup. Con- 
tinued ether extraction of the aqueous phase for 3 days yielded a mixture 
of crystals and some syrup. The crystals were collected with ether. 
After recrystallization from water 80 mg. of oxalic acid dihydrate were 
obtained which lost water at 105-109° and melted with decomposition at 
195-196°. 
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The above 1.07 gm. of syrup were subjected as described above to 
nine-stage Craig counter-current distribution between 50 ec. phases of 
ether and 2 m phosphate buffer (pH 5.3) in separating funnels. After 
the distribution each funnel was acidified (pH 3) with phosphoric acid and 
the aqueous phase was extracted repeatedly with ether. Each fraction 
was then examined. The material from Funnels 4, 5, and 6 partially 
crystallized on removal of the ether. That from Funnel 5 was collected with 
ether and, when recrystallized from ethanol-ether, yielded 15mg. of very small 
prisms. The substance softened at 205°, then resolidified in a different 
crystalline form and again melted at 310-315°. From Funnels 4 and 6, 
25 mg. of the same substance were obtained. The melting point of a 
mixture of this substance with the above dicarboxylic acid, CoHoQAgN, 
from atisine showed a definite depression (m.p. 285-293°). 


lajp = +39° (c = 1.08 in ethanol) 
CisH2706N. Calculated. C 62.43, H 7.45, N 3.84, (N)CH; 4.11 
Found. ** 62.35, “* 7.14, “* 3.82, = (00 


Neutralization equivalent, calculated (3COOH) 121.74, found 127 


All analytical data have been obtained by Mr. D. Rigakos of this labora- 
tory. 


SUMMARY 


A further study of the oxidation of isoatisine with permanganate has 
yielded a tricarboxylic acid, C2H»»O0O;N, which also contains the lactam 
grouping. The tertiary character of one of its carboxyl groups has been 
suggested by the behavior of the methyl esters with alkali. Dehydrogena- 
tion of this acid has yielded 1,6-dimethylphenanthrene which conforms 
with the production of 1-methyl-6-ethylphenanthrene from atisine itself. 

Further study of the oxidation of atisine with permanganate has yielded 
a dicarboxylic acid, Co HeOsN, and a tricarboxylic acid, CygHozOgN. 

From the data obtained certain tentative conclusions have been drawn 
in regard to a number of structural features of atisine. 
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The objectives of the investigation of the nutrition of Clostridium per- 
fringens were twofold. In the first place, the development of a chemically 
defined medium Was prerequisite for the understanding of the factors and 
conditions favorable to production of toxins or exoenzymes. Secondly, 
it became evident early in the investigation that the organism presented 
exceptional advantages as a means of assay for amino acids and vitamins. 
The fact that very dense growth is obtained in 16 hours at 45° in the pre- 
sence of a reducing agent and the fact that thirteen amino acids and four 
vitamins are absolute requirements of the organism pointed to the probable 
merits of the bacterium for their assay. 

The early experiments in this laboratory on the growth requirements of 
Clostridium perfringens demonstrated that the organism would grow in a 
medium consisting of vitamin-free casein hydrolysate, tryptophan, cystine, 
glucose, Vitamins (biotin, calcium d-pantothenate, riboflavin), uracil, ade- 
nine, inorganic salts, and an extract of liver. Later, the organism was 
grown successfully on a medium which had the same composition as the 
one above except that chemically pure amino acids were substituted for 
the casein hydrolysate and pyridoxamine (or pyridoxal) for the extract of 
liver. 

The chemically defined medium to be described for Clostridium per- 
fringens BP6IX consists of nineteen known amino acids, uracil, adenine, 
glucose, vitamins (biotin, caletum d-pantothenate, riboflavin, pyridox- 
amine), and salts. This medium supports rapid and luxuriant growth of 
the organism from a small inoculum. The growth obtained is equal to 
that produced on a medium prepared from enzymatic digests or hydroly- 
sates of tissues or proteins supplemented with essential requirements. 
Under the conditions of the experiments there is no formation of @ toxin 
(lecithinase) or any of the other known toxins or exoenzymes (hyaluroni- 
dase, @ toxin, gelatinase) in this medium. However, this organism does not 
lose its ability to form toxins when grown under conditions suitable for 


*The work described in this paper was assisted by the United States Army. 
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toxin production (1). In addition to strain BP6K, five other strains! of 
Clostridium perfringens, A224B, A225B, G6000, G6006, and F5022, have 
been grown successfully in this medium. 

The organism requires nine of the ten amino acids said to be essential for 
the rat (2), in addition to glutamic acid, serine, tyrosine, cystine, and the 
vitamins, pyridoxamine, calcium d-pantothenate, biotin, and riboflavin. 

The relation of the lysine, alanine, aspartic acid, and glycine requirements 
to the pyridoxine, pyridoxamine, or pyridoxal content of the medium will 
be discussed. 

Procedure 

Stock cultures of the organism are maintained by serial transfers in a 
stock medium consisting of casein hydrolysate, with added tryptophan, 
cystine, adenine, uracil, vitamins, glucose, salts, phosphate buffer, and 
defatted beef heart. Inoculum for the chemically defined medium is 
grown in pancreatic digest of beef heart (1) or tryptic digest of casein plus 
salts and vitamins. On a few occasions the inoculum has been grown in 
Bacto-tryptose or Bacto-peptone with added salts and vitamins, but on 
these media the organisms become ropy (mucoid) if stored (4-6°) for 
more than 1 day. These cultures are seed cultures. 

Stock Cultures—The medium for the stock cultures of the organism 
Clostridium perfringens BP6K is prepared as follows: 

Enough casein hydrolysate (Difco casamino acids) to contain 1.6 gm. of 
nitrogen (usually 16 gm. of solids), 5.76 gm. of NasHPO,-12H.O, 0.48 gm. 
of KH2PO,, 0.02 gm. of MgSO,-7H20, 0.02 gm. of L-cystine, 0.02 em. of 
L-tryptophan, and 5.0 gm. of sodium succinate is dissolved in 500 cc. of 
water. The solution is adjusted to pH 7.7 to 7.8 with sodium hydroxide. 

5 ec. of a stock vitamin solution which contains 1 mg. each of calcium 
d-pantothenate and pyridoxine and 0.1 mg. of riboflavin are added and the 
solution is made to 1 liter. The medium is distributed in 25 & 200 mm. 
Pyrex culture tubes, 40 ec. to each tube. 

To each tube is added 1 gm. of dry fat-free beef heart which is prepared 
as follows: Beef heart freed from gross fat is ground in a meat chopper. 
1 kilo is thoroughly mixed with 3 liters of 95 per cent alcohol. The tissue 
is kneaded with the alcohol several times during the course of 4 hours. 
The alcohol is then removed as well as possible by filtering and pressing the 
tissue in a cloth bag. The tissue is kneaded in 3 liters of 1:1 alcohol- 
ether mixture. After 4 hours, the alcohol-ether is drained off and the 
tissue dried by spreading in a thin layer in a current of air. The dried 
tissue is reground in a coffee mill to particles 2 mm. or less in diameter. 


1 Clostridium perfringens BP6K was obtained from the National Institute of 
Health, Bethesda, Maryland. The British strains A224B, A225B, G6000, G6006, 
and F5022 were obtained from the Lister Institute, Elstree, Herts, England. ' 
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The tubes containing 1 gm. of beef heart per 40 cc. of medium are then 
autoclaved at 10 pounds for 30 minutes. 

This complete stock culture medium is cooled to below 38° in a water 
bath, 1 cc. of sterile 25 per cent glucose is added to each tube, and inocula- 
lation made without delay. The tubes are incubated for 5 to 6 hours at 
38° and stored at 4—6° for periods up to 1 month. 

Tryptic Digest of Casein—Seed culture medium has been prepared in 
this laboratory from tryptic digest of casem with added glucose. 1 kilo of 
casein is suspended in 8 liters of distilled water warmed to 50°, and the pH 
is adjusted to approximately 8.0 with NaOH solution. 30 gm. of trypsin 
(1:100) are suspended in water to make a smooth flowing paste or slurry 
and are poured into the casein. The digest is thoroughly mixed with 200 
ce. of toluene and placed in an incubator at 45-50° for 24 hours. At the 
completion of the digestion the digest is placed in the cold room (4-6°) 
overnight and filtered with the aid of Filter-Cel. The digest is adjusted 
to pH 5.5 and allowed to boil for 10 minutes, after which it is filtered by 
suction with the aid of Filter-Cel. 

To prepare | liter of medium, an amount of tryptic digest which contains 
{0 gm. of solid is measured out. To this is added the amount of salts and 
vitamins required for a liter of stock culture, except that cystine, trypto- 
phan, and sodium succinate are omitted. The volume of the solution is 
made to | liter. The pH is adjusted to 7.6 with NaOH. 

The medium is distributed in 25 K 200 Pyrex culture tubes, 40 ce. to a 
tube, and autoclaved at 10 pounds for 30 minutes. The tubes are cooled 
to below 38° in a water bath, 1 cc. of 25 per cent sterile glucose solution is 
added to each, and they are then inoculated without delay with 1 ce. of 
stock culture. The tubes which are not to be inoculated immediately 
are stored at room temperature without the addition of glucose. Just 
before inoculation they must be heated in a boiling water bath for 20 
minutes to expel dissolved air, then cooled quickly, and the glucose added. 
The inoculated tubes are incubated for 5 to 6 hours at 38° and stored at 
1~6§° for periods up to 1 week. 

Inoculum—1 ec. of seed culture is centrifuged under sterile conditions 
and the supernatant discarded. The packed cells are mixed with 10 ce. 
of sterile saline and centrifuged again. The washed cells are then re- 
suspended in 1 cc. of sterile saline and diluted at least as much as 1:5 X 
10° and may be diluted as high as 1:3 X 108 (see Table V) with saline. 
| ce. of the diluted inoculum is added per tube of medium. 

Chemically Defined Medium—The composition of 100 ce. of double 
strength basal medium consisting of amino acids, a purine and pyrimidine, 
salts, vitamins, and glucose is shown in Table I. The medium is pre- 
pared as follows: The amino acids (with the exception of cystine) plus 
ascorbic acid, shown in Table I, are weighed and kept in a dry flask until 
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ready for use. Cystine is weighed separately and dissolved with the aid 
of a few drops of n HCl. 

50 mg. of uracil and 87 mg. of adenine sulfate are dissolved in 50 ec. of 
0.2N HCl. 2.5 cc. of this solution are required. 

10 gm. of MgSO,-7H,0, 0.5 gm. of FeSO,-7H.0, 0.5 gm. of NaCl, and 
0.5 gm. of MnSO,-4H,0 are dissolved, 1 cc. of syrupy H3PO, is added, and 
the mixture made to 250 cc. with water. 1 cc. of this solution is required, 


TABLE | 
Double Strength Basal Medium 


Glucose 2.0 gm. Riboflavin 100.0 ¥ 
Ascorbic acid 50.0 mg. Ca d-pantothenate 200.0 ‘ 
pL-Alanine 100.0 Pyridoxamine dihydro 100.0 «* 
p-Arginine* 50.0 “ chloride 

pL-Aspartic acid 100;0. ‘* Biotin i 
L-Cystine* 20.0. * MgSO,:7H,0 40.0 mg. 
Glycine 0: * FeSO,:7H,0 ao © 
L-Glutamice acid* 150.0 ‘ MnS0O,-4H,0 2.0 
L-Histidine* 50.0 ‘ NaCl 2.0 
Hydroxy-.-proline 200° Adjust to pH 7.2 with 
pL-Isoleucine* 50:0.“ NaQH 

L-Leucine* 16:0. * K,HPO, 1.66 gm. 
L-Lysine* 100.0 ‘ , KH.PO, 0.32 
pL-Methionine* oo Add distilled H.O to 100.0 ce. 
L-Proline 25:0) * 

pL-Phenylalanine* 50.0 § 

pL-Serine* 150.0 

puL-Threonine* BO:0 

L-Tryptophan* 50.0 ‘ 

L-Tyrosine* 50.0 “ 

pu-Valine* 16.0 

Uracil oN) ae 

Adenine sulfate 4 


* Essential for growth. 


10 mg. of riboflavin and 20 mg. of calcium d-pantothenate are dissolved 
and made to 100 ce. with water. 1 cc. of this solution is required. 

20 mg. of pyridoxamine dihydrochloride are dissolved and made to 100 
cc. with water and kept in a dark bottle at 4-6°. 0.5 ee. of the solution is 
required. 

A vial of biotin containing 25 y is made to 25 cc. with distilled water. 
1 ec. of the solution is required. 

Phosphate buffer is prepared by dissolving 52 gm. of K,.HPO,-3H.O and 
10 gm. of KH.PO, in distilled water and making the solution to 250 ce. 
8 cc. of the solution are required. 








60 
mixt 
solut 
nine 
to 7. 
volu 

T 
wate 
kept 

iy 
the | 

5 
pipe 
just 
stop 

T 
and 
witl 
con 
the 
whe 
smé 
ext 
per 
(Li 
der 
em) 

Me 


est 


M. J. BOYD, M. A. LOGAN, AND A. A. TYTELL 1017 


60 ce. of water are added to the dry amino acids and ascorbic acid. The 
mixture is heated in a boiling water bath with occasional shaking until 
solution is complete. ‘The solution is cooled and cystine, uracil plus ade- 
nine, salts, and vitamin solutions are added and the pH adjusted to 7.1 
to 7.2 with NaOH. The phosphate buffer solution is then added and the 
volume of the mixture made to 100 ce. The final pH should be 7.1 to 7.2. 

This double strength basal medium is diluted with an equal volume of 
water for final use. The medium may be sterilized (without glucose) and 
kept for at least a week with satisfactory results. 

Procedure for Growth—The procedure for obtaining maximum growth on 
the chemically defined medium is as follows: 

5 ec. quantities of the double strength basal medium without glucose are 
pipetted into culture tubes (15 X 150 mm.) and the final volume is ad- 
justed to 10 cc. The tubes are covered with loosely fitting glass caps, or 
stoppered with cotton plugs in the usual manner. 

The tubes are sterilized for 15 minutes at 15 pounds pressure, cooled, 
and 0.4 ec. of sterile 25 per cent glucose added. Each tube is inoculated 
with 1 ce. of washed, diluted, bacterial cell suspension and then placed in a 
constant temperature water bath at 45° for 16 to 20 hours, depending on 
the density of the inoculum. Top growth may be obtained in 16 hours 
when 5 X 10-4 cc. of original culture are used for inoculum, but if a very 
small inoculum (3.2 X 10-° ec. of culture) is employed, it is necessary to 
extend the incubation period to 20 hours. At the end of the incubation 
period the contents of each tube are mixed and the very heavy growth 
(1.7 10° organisms per cc.) is measured with a turbidimeter designed for 
dense suspensions (3). An Evelyn photoelectric colorimeter has also been 
employed for measuring turbidity and direct cell counts have been made. 
Measurements made by these three means are the criteria used for the 
estimate of growth as defined in this paper. 


RESULTS AND DISCUSSION 


Table I shows the amount of amino acids required per 100 cc. of double 
strength medium for maximum growth of Clostridium perfringens. Thir- 
teen amino acids are absolute requirements for this organism. Nine of 
these amino acids are indispensable for the rat (2): arginine, leucine, histi- 
dine, isoleucine, methionine, threonine, phenylalanine, tryptophan, and 
valine. The other amino acids essential for growth of the organism are 
glutamic acid, serine, cystine, and tyrosine. Those amino acids which 
appear to be non-essential for growth, but which are added to the medium 
because of their stimulating effect on growth, are glycine, alanine, lysine, 
aspartic acid, proline, and hydroxyproline. 

As far as it is known at the present time, only the natural forms of the 
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amino acids are used by this anaerobe. The growth response of the or- 
ganism to the L form of valine, serine, tryptophan, and methionine is twice 
that with the pi form. 

Table IT shows the effect of the omission of single amino acids from an 
otherwise complete medium on the growth of Clostridium perfringens, 
The omission of any one of the thirteen amino acids which are essentia] 
results in little or no growth after incubation for 16 hours at 45°. 

In the beginning, the amount of each essential amino acid to be added 
to the medium was determined on the basis of the amount present in vita- 
min-free casein hydrolysate. Later, by adding graded amounts of each 
essential amino acid to an otherwise adequate mixture, the minimum 
amount which would produce top growth was determined. The amount 


TaBLeE II 
Growth of Clostridium perfringens Obtained When One Amino Acid Was 
Omitted from Otherwise Complete Medium 








Amino acid omitted Turbidity* Amino acid omitted Turbidity* 
L-Arginine 0.2 L-Glutamic acid 0 
pL-Isoleucine 0.2 pL-Serine 1.0 
L-Leucine 0 L-Tyrosine 0.8 
pi-Methionine 0.2 L-Lysine 15.0 
pL-Phenylalanine 0.1 pi-Alanine 15.0 
pL-Threonine 0.2 L-Proline 17.0 
pL-Valine 0.1 Hydroxy-.-proline 16.5 
L-Tryptophan 0 pL-Aspartic acid 16.0 
L-Histidine 0.4 Glycine 15.0 
L-Cystine | 0.2 





Incubated 16 hours at 45°. 
* Microamperes. 


subsequently added to the basal medium was then arbitrarily set at 4 
times this quantity. 

The importance of the members of the vitamin Bs group in the synthesis 
of certain amino acids by other microorganisms has been reported by 
Stokes et al. (4), Lyman et al. (5), and Speck and Pitt (6). Stokes ef al. 
have shown that if the pyridoxine of the medium is replaced with either 
pyridoxamine or pyridoxal the requirement of Lactobacillus delbrueckii, 
L. casei, and L. arabinosus 17-5 for lysine, threonine, and alanine is elimi- 
nated. 

Lyman et al. showed that pyridoxine could replace lysine, threonine, and 
alanine in the medium for Lactobacillus arabinosus 17-5, and furthermore 
that. carbon dioxide and pyridoxine together would replace arginine, 
phenylalanine, and tyrosine. 


medi 
cysti 


doxi 
for | 

Fi 
men 
App 





M. J. BOYD, M. A. LOGAN, AND A. A. TYTELL 1019 


Speck and Pitt have reported that pyridoxamine or pyridoxal in the 
medium eliminates the requirement of Lactobacillus arabinosus 17-5 for 
cystine. 

" Likewise, pyridoxamine or pyridoxal (or very large amounts of pyri- 
doxine) apparently eliminates the requirement of Clostridium perfringens 
for lysine, alanine, aspartic acid, and glycine. 

Fig. 1 shows the response of Clostridium perfringens to the different 
members of the vitamin Bs group when lysine is omitted from the medium. 
Apparently lysine is not required by the organism when pyridoxamine 


16 4 Pyridoxamine 
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1.0 ; 2.0 : 3.0 
Pyridoxal = 

Pyridoxamine 

Pyridoxine —- - — 1000 2000 3000 
Micrograms per tube 


Fic. 1. Growth response of Clostridium perfringens to pyridoxine, pyridoxal, and 
pyridoxamine on a medium free of lysine. 


(or pyridoxal) is present to the extent of 1 to 3 y per 10 cc. of medium. 
However, to obtain nearly the same growth response with pyridoxine, it 
must be added in amounts 2000 to 3000 times that of pyridoxamine. 
Similarly, Snell and Rannefeld (7) have shown that the activity of pyri- 
doxamine and pyridoxal for a large group of lactic acid bacteria is from a 
few fold to several thousand fold that of pyridoxine. 

Table III also demonstrates that aspartic acid, glycine, and alanine, 
respectively, are very likely synthesized when pyridoxamine or pyridoxal or 
very large amounts of pyridoxine are present in the medium. 
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TABLE III 
Effect of Pyridoxine, Pyridoxamine, and Pyridoxal on Growth of Clostridium 


perfringens in Medium Deficient in Alanine, Aspartic Acid, or Glycine 


Pyridoxine Pyridoxamine Pyridoxa! 


Turbidity* Turbidity* Turbidity* 


7 per lube y per tube y ter lube 


No alanine 500 6.5 0.10 0.5 0.5 0.6 
2500 11.0 0.40 14.2 3.0 15.5 
t mg. alanine per 0 G2 0 0.2 0 0.2 
tube 50 9.5 0.05 12.6 0.1 1.5 
250 15.5 0.10 15.5 0.5 17.0 
No aspartic acid 1() 3.5 0.04 5.0 0.20 90 
200 11.0 0.20 15.0 0.60 13.5 
5 mg. aspartic 0) 0.2 0 0.2 0 0.2 
acid per tube 10) 6.5 0.04 9.0 0.20 13.5 
60 11.0 0.06 AES 0.30 15.0 
No glycine 20 1.0 0.05 12.0 0.15 8.0 
10) 10.2 0.08 15.0 0.60 16.2 
4 mg. glycine per 0 0.7 0 0.7 0 0.7 
tube 20 10.5 
10) 13.5 
* Microamperes. 
TaBLE IV 


Acce le ration of Growth hy Ade nine, Uracil, and Guanine 


Turbidimetric reading, microamperes 


Adenine Guanine 


walixte HC] Uracil Incubation time 
2 hrs 4 hrs 6 hrs 8 hrs 10 hrs 13 hrs 16 hr 25 
y pertube vy per tube vy per tube 
0 0 0 0 0 (0) 0.1 6.5 10.0 17.0 
100 0) 3.5 10.0 11.0 13.5 16.0 18.5 
200 0 + 6.0 11.0 12.0 14.5 17.5 18.7 
100 0 0 2.0 9.5 13.5 16.5 19.0 
200 0 0 0.5 6.0 10.0 13.0 16.0 18.5 
100 0 0 0.5 sO 10.0 16.0 
200 0 0 + 4 0.6 8.0 10.5 16.5 
200 20 Ld OSB | 25 13.5 16.0 17:5 19.5 
200 100 + 2.0 9.5 12.5 14.0 16.5 17.5 19.5 
200 L100 0 0 + 1.0 8.2 11.5 14.0 18.0 
200 200 0 0 0.5 8.5 11.5 14.0 16.5 18.5 


+ indicates easily visible growth. 


Table IV shows the effect of added adenine, guanine, and uracil on the 
induction period of the organism when incubated at 45°. 
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three compounds are omitted from the medium, there is an induction 
period of 10 hours before growth becomes evident. The addition of ade- 
nine enables visible growth to take place in 4 hours after inoculation. A 
still more marked acceleration of growth is obtained by adding uracil and 
adenine. Growth of the organism is readily visible in 1} to 2 hours after 
inoculation with 5 X 10 cc. of the original seed culture. Apparently 
synthesis of purines takes place at a slow rate, for after 16 hours incubation 
only half maximum growth has occurred in a medium free of guanine and 
adenine. Guanine and uracil also reduce the induction period but not to 
the same extent as adenine and uracil. 
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144 
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12.5 
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fe) 1.0 ; 2.0 3.0 
Micrograms of Calcium Pantothenate per tube 
Fic. 2. ffect of caleium d-pantothenate on the growth of Clostridium perfringens 
The only vitamins required for growth by Clostridium perfringens are 
calcium d-pantothenate, pyridoxamine (or pyridoxal), biotin, and ribo- 
flavin. Fig. 2 illustrates the response of the organism to increments of 
calcium d-pantothenate in an otherwise complete medium. Maximum 
growth is obtained in a medium containing 3 y of calcium d-pantothenate 
per tube. 
The response of the organism to biotin is shown in Fig. 3. Maximum 
growth is obtained in a medium containing 0.003 y per tube. 
Fig. 4 shows the growth with the addition of riboflavin to an otherwise 
adequate medium. Growth is visible with the addition of 0.005 y of ribo- 
flavin and increases to half maximum growth on the addition of 0.015 y. 
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Fig. 3. Effect of biotin on the growth of Clostridium pe rfringens 
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Fig. 4. Effect of riboflavin on the growth of Clostridium perfringens 
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With the addition of larger amounts the increments of response become 
progressively smaller until 0.7 to 1.0 y is required to produce top growth. 

The ‘“B” salts, which consist of FeSO,-7H.O, MgSO,-7H.O, MnSO,-- 
4H,O, and NaCl, are added in the same amounts as are required by the 
lactobacilli. Mg and Fe are essential requirements. 

The phosphate buffer, which is a mixture of KH,PO, and K:HPO,, is 
added in large amounts so as to keep the pH high during growth. When 
pH 4.5 is reached, the organism ceases to grow. 

The concentration of glucose in the medium is | per cent and may be 
increased to 2 per cent without affecting the growth of the organism. 

If the medium is autoclaved before adding glucose, it is necessary to add 
a reducing substance such as ascorbic acid (either d or | isomer) or cysteine 
hydrochloride to produce an oxidation-reduction potential sufficiently low 
to initiate the growth of this anaerobe. Ascorbic acid is preferred as the 
reducing agent because the medium containing it can be sterilized (sepa- 
rately from glucose) and stored for at least a week with satisfactory results 
(8). Medium containing cysteine as reducing agent may be kept not longer 
than 3 to 4 days. 

If the medium is autoclaved for 15 minutes at 15 pounds in the presence 
of glucose at pH 7.2, caramelization occurs and substances are formed which 
act as growth inhibitors. Furthermore, under these conditions, the addi- 
tion of ascorbic acid or cysteine to the medium may fail to initiate growth. 
The medium containing glucose may be heated 20 minutes in a boiling 
water bath without producing an appreciable quantity of inhibitors. Also, 
growth may be obtained in the boiled medium without the addition of a 
reducing agent. 

Table V shows the effect of decreasing the amount of inoculum on the 
growth obtained in the synthetic medium. The seed cultures which con- 
tained 1.3 X& 10° organisms per cc. (as estimated from the turbidimetric 
reading of 14.6 microamperes) were washed and serially diluted as de- 
scribed under “Inoculum.” The moculum from the highest dilution, 
which corresponded to 3.2 X 10~° ce. of original culture, was calculated to 
contain four organisms. ‘The growth resulting from inoculation with this 
smallest inoculum was almost equal after 20 hours incubation to that ob- 
tained from large inocula. 15 hours incubation required an inoculum con- 
taining between 100 and 500 organisms to produce growth as dense as that 
from large inocula. The fact that this luxuriant growth was obtained with 
washed inocula containing only a few organisms seems to justify the con- 
clusion that the synthetic medium contains all the substances required for 
growth of the organism. Twelve consecutive transfers of Clostridium 
perfringens have been made in this synthetic medium without apparently 
altering the characteristics of the organism. 
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TABLE V 


Effect of Dilution of Inoculum on Growth 
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Fic. 5. Effect of temperature on the growth of Clostridium perfringens for a period 
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Fig. 5 shows the effect of temperature on the growth of Clostridium per- 
fringens. It is evident from these experiments that growth is most rapid 
at 46°. Above 48° almost no growth takes place. Because the growth at 
13° is only slightly less rapid than that at 46°, temperatures in this range 
are suitably employed when the organism is used for assay purposes. 


SUMMARY 


|. The organism, Clostridium perfringens BP6IX, may be grown luxuri- 
antly in a chemically defined medium consisting of known amino acids, 
adenine and uracil, vitamins (biotin, calcium d-pantothenate, pyridox- 
amine or pyridoxal, and riboflavin), salts (FeSO,-7H:O, MgSO,-7H2O, 
MnSQ,-4H-.O0, and NaCl), glucose, phosphate buffer, and ascorbic acid. 

2. A satisfactory stock culture medium and a seed culture medium have 
been devised for this organism. 

3. Pyridoxamine or pyridoxal (or large quantities of pyridoxine) elimi- 
nate the requirements of Clostridium perfringens for lysine, alanine, aspar- 
tic acid, and glycine. 

{. The addition of adenine and uracil reduces the induction period of 
growth of the organism. 

5. The optimum temperature range for rapid growth is 43-46°. 
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In the previous paper on the growth requirements of Clostridium per- 
fringens BP6K it was shown that thirteen amino acids, ¢.e. arginine, leucine, 
histidine, isoleucine, methionine, threonine, phenylalanine, tryptophan, 
valine, glutamic acid, serine, cystine, and tyrosine, are essential for the 
growth of the organism. The omission of any one of these amino acids 
from an otherwise complete medium resulted in either very little or no 
growth. The possibility of using this rapidly growing organism for amino 
acid assay has been investigated and the results indicate that Clostridium 
perfringens may be used satisfactorily for the assay of the above amino 
acids. 

This procedure has a number of advantages over the present microbial 
assay methods for determining amino acids: (a) The method does not 
require aseptic technique. (b) Theassay israpid. The induction period is 
so short that growth is visible in 2 to 3 hours after inoculation and the 
assay is completed in 16 hours. (c) The same seed culture may be used 
for 1 week as a source of the inoculum. (d) The response of the organism 
to increments of the amino acids essential for the rat is more nearly linear 
than with other organisms. (e) The culture medium is not autoclaved, 
and possible destruction of any of the constituents is thereby avoided. 


EXPERIMENTAL 


The procedures for the preparation of the “stock culture” and “seed 
culture’ media, transfer, and growth of Clostridiwm perfringens on these 
media, and the preparation of the double strength basal medium for assay 
purposes have been given in the previous paper. 

Inoculum-—\ ce. of the seed culture obtained aseptically from the stock 
seed culture is centrifuged and the supernatant discarded. The packed 
cells are resuspended in 10 cc. of distilled water and centrifuged a second 
time. ‘These washed cells! are resuspended in | cc. of water and a dilution 


* The work described in this paper was assisted by the United States Army. 
‘An unwashed cell suspension of 1:200 was used satisfactorily for the assay of 
histidine, leucine, isoleucine, arginine, phenylalanine, and tyrosine. 
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of 1:200 is made with water. 1 drop (0.05 cc.) of the diluted cell suspen 
sion is used for the inoculation of each tube of medium. 

Procedure for Assay—The procedure for assaying an amino acid in this 
chemically detined medium is as follows: 

A set of eight to ten Pyrex culture tubes (15 & 150 mm.) is used to ob 
tain a standard growth curve. 5 ce. of double strength basal medium 
(deficient in the amino acid being assayed) are pipetted into each tube 
(iraded amounts of the amino acid under test are added to each tube. 
The final volume of each tube is adjusted to 10 ce. with distilled water, 
The amount of the amino acid to be added per tube to obtain a complete 
growth curve varies with each particular amino acid to be assayed. For 
instance, the standard curve for tryptophan requires a range of 0 to 80 4 
per tube; therefore, eight different levels of the amino acid, 7.¢. 0, 10, 20, 
etc., up to 80 y, are added per tube. However, the range of the standard 
curve for each amino acid is different, as is shown in Figs. 1 to 6. 

To assay the sample for an amino acid several different, accurately 
measured quantities of the diluted hydrolysate, adjusted to pH 7.1 to 7.2, 
are added in duplicate to 5 cc. quantities of the basal medium (deficient 
in the amino acid to be assayed). At least two of the dilutions should 
correspond to points near the middle of the standard growth curve. The 
final volume is made to 10 ec. with distilled water. 

0.1 ce. of sodium azide solution containing 2 mg. per cc. is added to all 
tubes. The contents of each tube are mixed by inversion. Glass caps 
are used to cover the tubes. The tubes are placed in a boiling water 
bath for 20 minutes, cooled, and inoculated with 1 drop of the diluted in 
oculum, after which they are incubated in a constant temperature water 
bath at 45° for a period of 16 hours. 

After incubation the contents of the tubes are mixed by inversion and 
the density of growth determined with a turbidimeter (1). The optical 
density may be determined with an Evelyn photoelectric colorimetet 
equipped with a 660 my filter. 

Preparation of Sample for Analysis—-The procedure of Stokes et al. 
(2) is used for preparing a sample of protein for analysis. 1 gm. of 
protein is introduced into a small Pyrex tube, 10 ce. of 3.5.‘ HCl! are 
added, and the tube is sealed. The sealed tube is autoclaved 10 hours 
at 15 pounds pressure, cooled, and the contents of the tube are carefully 
washed into a graduated cylinder. NaOH is added until the point of 
neutralization is reached, and the final volume is adjusted to 300 cc. 

Tryptophan analysis is made on an alkaline hydrolysate of the protein. 
50 mg. of the dried protein are hydrolyzed with 4 ec. of 5 N NaOH in sealed 
tubes for 10 hours at 15 pounds pressure. The precipitate that forms as 
a result of the hydrolysis is filtered off and washed with distilled water. 
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The combined washings are added to the filtrate. The pH of the filtrate 
is adjusted to 7.2 and the final volume made to 50 cc. Complete racemiza- 
tion of the tryptophan is assumed to occur when the sample has been 
hydrolyzed under these conditions. Since p-tryptophan is inactive for 
Clostridium perfringens, the final results of the assay must be multiplied 
by a factor of 2 to obtain the correct tryptophan value. 


164 t- Tryptophan 


L- Cystine 


87 


TURBIDITY 
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hig. 1. Standard growth curves of L-tryptophan and L-cystine 


RESULTS AND DISCUSSION 


Figs. 1 to 6 show the standard curves for L-methionine, L-tryptophan, 
bu-threonine, DL-phenylalanine, L-histidine, L-tyrosine, L-leucine, DL- 
valine, L-arginine, DL-isoleucine, L-glutamic acid, DL-serine, and L-cystine. 
The curves show a linear response to increments of the amino acids es- 
sential for the rat, while serine, cystine, and tyrosine give sigmoid growth 
curves. All the indispensable amino acids with the exception of lysine 
may be assayed. However, lysine may be assayed provided the sample 
tested contains neither pyridoxamine nor pyridoxal. Fig. 7 shows a 
standard growth curve for lysine in the presence of 60 y of pyridoxine per 
tube. 
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Fic. 3. Standard growth curves of 1-histidine and L-tyrosine 


The correlation of cell counts, turbidities, and optical densities is shown 
in Fig. 8. The cell counts were made according to the United States Army 
method (3). Turbidities were determined with a photoelectric turbidim- 
eter and represent galvanometer readings; i.e., microamperes. Optical 
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densities were calculated from the transmission values obtained with an 
Evelyn photoelectric colorimeter (optical density = 2 — log G) with a 660 
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Fic. 4. Standard growth curves of pt-valine and p.i-isoleucine 
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Fie. 5. Standard growth curves of pu-methionine and pL-phenylalanine 


my filter. The measurements with the Evelyn photoelectric colorimeter 
were made on the undiluted culture tubes. The results obtained indicate 
that turbidity and optical density are proportional to the cell count. 
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on a medium$without lysine, and the growth response for L-lysine in the presence 
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Table I shows the amino acid analyses of 8-lactoglobulin, egg albumin, 
and silk fibroin as determined with Clostridium perfringens in this labora- 
tory, and, for comparison, the results of Stokes et al., determined with 
Streplococcus faecalis on samples of the same preparation of protein. The 
protein samples were dried and hydrolyzed under conditions described by 
Stokes ef al. (2). The analytical results obtained by these two different 
organisms are essentially in agreement, except that the phenylalanine 
content of 8-lactoglobulin was found to be 3.2 instead of 4.3 per cent 
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However, our result is in close agreement with that of Brand et al., who 
have reported the phenylalanine content of 8-lactoglobulin to be 3.5 per 
cent. 

The use of non-aseptic technique in making the assay is an advantageous 
departure from the usual microbiological assay procedure. Sterilization 
of the medium in a boiling water bath instead of autoclaving reduces the 
possibility of destruction of vitamins and amino acids and the formation 
of inhibitors. Snell (5) has shown that autoclaving pyridoxal with trypto- 
phan or histidine destroys the growth-promoting activity of this vitamin 
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TaBLe [ 
Amino Acid Content of Purified Proteins 


The proteins were dried at 105° for 3 hours. The results were calculated as per 
cent of dry weight. 


gig % 5 e':8i¢e!¢4 
Siglisaijsgigiali&izis 
S12 | Si BIS a2 eal bis 
ie ee ee ee ie oe ie 
8-Lacto- Clostridium perfringens 1.6 15.1 |7.3 (5.5 |2.6 |4.8 3.2 
globulin'Streptococcus faecalis* 1.5 |2.8 |15.3 |7.0 |5.5 |2.5 |4.6 (2.1 14.3 
Egg albu-Clostridium perfringens 2.4 5.9 | 8.5 |7.8 |7.5 |4.6 (3.7 |1.4 17.5 
min Streptococcus faecalis 2.3 |5.9 | 9.2 (7.0 |7.0 [4.1 |3.6 |1.4 17.9 
Silk fi- Clostridium perfringens 0.36.0.98 3.45 1.3 (0.34 
broin Streptococcus faecalis 0.4 1.11) 0.93.1.153.5 0.15)1.36.0.44 1.49 


* Stokes, Gunness, Dwyer, and Caswell analyzed samples of the same preparation 
of protein, using Streptococcus faecalis. 
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under aseptic conditions; solid lines, growth obtained under non-aseptie conditions 


with sodium azide present in the medium. 


for certain organisms. Not only is there a considerable saving of time in 
performing the assay, but the assay may be made by semiskilled personnel. 
Standard growth curves obtained by the non-aseptic technique have been 
checked against growth curves obtained under aseptic conditions. 
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Fig. 9 shows the similarity of standard growth curves for tryptophan 
obtained by using aseptic and non-aseptic conditions. Under aseptic 
conditions the tubes of medium were sterilized for 10 minutes at 15 pounds 
pressure, 0.4 cc. of sterile 25 per cent glucose was added, and the tubes 
were inoculated with a washed diluted cell suspension. Under non- 
aseptic conditions the tubes of medium containing glucose and sodium 
azide were boiled 20 minutes, cooled, and inoculated with a diluted cell 
suspension which was previously washed under non-aseptic conditions. 

Non-aseptic technique in making assays may be employed without run- 
ning the risk of contamination for the following reasons: (a) Heating the 
assay tubes in a boiling water bath for 20 minutes destroys most of the 
vegetative bacteria; (b) the use of sodium azide (6) inhibits the growth of 
most aerobes; (c) the short induction period reduces the possibility of 
contamination; and (d) the high incubation temperature of 45° inhibits 
the growth of most air-borne organisms. 


The authors are indebted to Alice Griner Tytell for making the cell counts; 
to Dr. W. H. Stein of the Rockefeller Institute for 8-lactoglobulin, egg 


albumin, and silk fibroin; and to Dr. J. S. Fruton for the p and 1 isomers of 
methionine. 


SUMMARY 


A microbiological assay procedure has been devised for the determination 
of thirteen amino acids, nine of which are essential for the rat. The ad- 
vantages of this procedure are as follows: 

1. The assay may be done under non-aseptic conditions. 

2. The organism grows so rapidly that the assay is completed in 16 hours. 

3. One seed culture may be used for at least 1 week. 

t, The culture medium need not be sterilized by autoclaving. 

5. The response of the organism to increments of the amino acids es- 
sential for the rat is very nearly linear. 
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LETTERS TO THE EDITORS 





THE LIMITATIONS OF INHIBITION ANALYSIS 
Sirs: 


A method for the identification of the products of enzyme systems of 

intact cells by means of inhibition studies has been described by Shive and 
: ¢ pay ‘ Ss 

associates under the term “inhibition analysis.” They have assumed 


Effect cf 5-Bromouracil on Toxicity of 5-Nitrouracil 


Titer, ml. 0.1 N per 10 ml. 


Pteroylglutamic acid Nitrouracil ee 
Without bromouracil | weenie 
my per 10 ml. mg. per 10 ml. 
0.22 0.0 4.6 3.65 
0.16 0.8 
0.40 0.6 
1.0 0.6 1.95 
2.5 0.6 1.3 
6.25 0.8 1.2 
1.10 0.0 10.9 10.45 
0.16 2.7 
0.40 1.2 
1.0 0.6 6.45 
2.5 0.8 :.2 
6.25 0.7 2.6 
5.50 0.0 14.4 14.5 
0.16 6.5 
0.40 4.3 
1.0 | eet 13.2 
2.5 0.8 10. 
6.25 bey | 6.5 
Inhibition ratio...... Rar ee ca. 7 X 105 ca. 3 X 10’ 


that any substance which restores growth to a bacterial culture which is 
inhibited by an antimetabolite can thus be identified as a normal metabolic 
product. In particular, if, on the addition of the substance, the inhibitor 
becomes ineffective or effective only at a higher concentration, the sub- 


1 Shive, W., and Macow, J.,./. Biol. Chem., 162, 451 (1946). 
* Beerstecher, E., Jr., and Shive, W., /. Biol. Chem., 164, 53 (1946). 
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stance is assumed to be a product of the enzyme system with which the 
antimetabolite interferes.?~ 

In extensive studies of the effects of pyrimidine derivatives on Lacto- 
bacillus casei in these laboratories a considerable number of observations 
have accumulated which cannot be reconciled with this theory. At times 
“inhibition analysis” suggests conclusions which obviously are false. The 
following example will clarify this point. 

In the table are given the results of experiments with 5-nitrouracil and 
5-bromouracil on the growth of L. casei. The data were selected from 
more extensive experiments which will be reported in detail later but are 
representative of several similar studies. It will be seen that 5-nitrouracil 
inhibits the growth of L. casei competitively with pteroylglutamic acid 
(PGA), giving a constant inhibition ratio of 7 X 10°. In the presence of 
bromouracil, however, the inhibitory effect of nitrouracil is reversed; in 
the example chosen, the inhibition ratio is increased by a factor of about 
50 and becomes larger with increasing bromouracil concentrations. 

Whatever the explanation of these observations, it is obvious that 
bromouracil is not the product of the PGA enzyme system which ‘‘inhibi- 
tion analysis” indicates it to be. This illustrates the type of fallacy which 
may result from a too facile interpretation of metabolite-antimetabolite 
studies. It may very well be true that when the product of a known 
enzyme system can be supplied the system can be by-passed for growth 
purposes. It does not follow that every substance which relieves an inhibi- 
tion of a microorganism can be assumed to be a product, or substrate, of 
normal metabolism. 
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TWO NEW REACTIONS PRODUCING ACETYL PHOSPHATE* 


Y* ’ 

sus: 
During a study of the conversion of ethanol and acetate to caproate by 
| an enzyme preparation obtained from Clostridium kluyveri! two new reac- 
| tions producing acetyl phosphate have been observed. 


TABLE | 


23 mg. of dry cell-free enzyme preparation in 2.0 ml. of 0.04 m veronal buffer, pH 
8.1, containing 0.001 m methylene blue and the indicated amounts of inorganic phos- 
phate (P;) and organic substrates were shaken in air at 26°. 








Incu- P a AP. AP. 
Substrate Pj initial | bation — AP;* APect | —Os | jeter | — so 
Ume | gieaphate ™ = 
mice | min, | mere. | mice | mice | micromoles 
CH;CHO 
150 micromoles 21 120 | —17.8 | 21.4 10.7 18.0 2.00 , 1.20 
151 440 —136 138 66.2 138 2.10 0.99 
C:H;OH 
500 micromoles 206 640 |—112 107 133 137 0.78 1.05 


* Method of Lipmann and Tuttle (Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 
163, 571 (1944)). 


+t Method of Lipmann and Tuttle (J. Biol. Chem., 159, 21 (1945)). 


TaBLe II 


85 mg. of dry cell-free enzyme preparation in 5.0 ml. of 0.021 m phosphate buffer, 
pH 5.7, and the indicated amount of acetoacetate were incubated in vacuo in Thun- 
berg tubes for 4 hours at 26°. 





Acetoacetate, A ee . > AP ac | Aacetate 
initial acetoacetate* A acetate 4 Pi APac AP; | A acetoacetate 
micromoles micromoles micromoles | micromoles | micromoles 
=e - ~ > } . | 
175 61.5 115 —30.5 32.5 | 1.06 1.87 


337 72.5 150 -38.0 40.5 | 1.06 2.07 


* Method of Jowett and Quastel (Jowett, M., and Quastel, J. H., Biochem. J., 
29, 2145 (1935)). 


The first reaction is an oxidation of acetaldehyde in the presence of in- 
organic phosphate. In the absence of phosphate or arsenate, acetaldehyde 
* This work was supported in part by a research grant from the United States 
Public Health Service. 
' Bornstein, B. T., and Barker, H. A., J. Biol. Chem., 172, 659 (1948). 
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is not oxidized. The oxidation can be carried out aerobically (Equation 1) 
with methylene blue as an electron carrier, or anaerobically, without 
methylene blte. 


CH;CHO + HPO? + 402, — CH;COOPOS+ H.O (] 


Under the latter conditions acetaldehyde apparently undergoes a dismuta- 
tion. During the oxidation of acetaldehyde, inorganic phosphate dis- 
appears and an almost equivalent quantity of a labile phosphate compound 
is formed (see Table I). 

The second reaction may be described as a phosphoroclastic decomposi- 
tion of acetoacetate (Equation 2). 


CH;COCH,COO- + HPO; — CH;OOPO; + CH;COO (2) 


The data of Table II show that for each mole of acetoacetate decomposed 2 
moles of acetate (free acetate + acetyl phosphate) are formed. Inorganic 
phosphate disappears and an equivalent amount of acyl phosphate is 
formed. 

The amount of free acetate formed is considerably greater than that 
predicted by Equation 2; the excess acetate is probably due to a secondary 
hydrolysis of a part of the acetyl phosphate formed. 

The labile phosphate compound formed in both of the above reactions 
combines with hydroxylamine to give a hydroxamic acid under the condi- 
tions used by Lipmann and Tuttle. It is completely hydrolyzed in less 
than 10 minutes at room temperature by the Fiske-Subbarow phosphate 


reagent, and the rate of hydrolysis in 0.5 N HCl is identical with that of 


synthetic monoacetyl phosphate. 


Division of Plant Nutrition Ki. R. STADTMAN 
University of California Es A 
Berkeley 


BARKER 


Received for publication, May 5, 1948 
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ISOLATION OF A PEPTIDE IN GUINEA PIG LIVER HOMOG- 
ENATE AND ITS TURNOVER OF LEUCINE* 


Sirs: 


Leucine was synthesized with C™ in the carboxyl group. 10 mg. of the 
radioactive amino acid (pL) and 0.66 gm. (wet weight) of guinea pig liver 
homogenate were added to a reaction mixture containing 1.3 per cent of an 
amino acid mixture corresponding to the composition of casein and 0.005 m 
fumarate, all in a final volume of 4 ml. of isotonic saline solution! at pH 7.4. 
The reaction was carried out under oxygen for 6 hours at 38°. 

After precipitation of the proteins by boiling at pH 5.0, the non-protein 
filtrate was chromatographed on starch with a solvent mixture consisting 
of 1 part 0.1 N HCl, 2 parts of N-propanol, and 1 part of N-butanol accord- 
ing to the method of Moore and Stein. A radioactive fraction was found 
which emerged from the column before the leucine. This fraction was 
concentrated and purified by chromatography on a smaller starch column. 
The distribution of the color on treatment with ninhydrin and the radio- 
activity gave a single zone of coinciding ninhydrin color and radioactivity. 

The fraction was hydrolyzed with boiling 20 per cent hydrochloric acid 
for 24 hours, the hydrolysate chromatographed on starch, the fractions 
analyzed with ninhydrin, and their radioactivity determined as before. 

Whereas before hydrolysis only one ninhydrin zone was obtained, after 
hydrolysis there were many zones. All the radioactivity was in the leucine 
fraction. 

Once the point of emergence of the peptide had been determined by its 
radioactivity, the non-protein filtrate of guinea pig liver (prepared without 
prior incubation or any additions) was chromatographed. A peptide was 
found which emerged in the same position as did that from the incubated 
digest : 

The identity of the amino acids giving the different ninhydrin zones after 
hydrolysis was determined by chromatography on filter paper? with known 
amino acids as references. The presence of the following was established: 


* This work is part of that done under contract with the Office of Naval Research, 
United States Navy Department. 

The C' used in this investigation was supplied by the Monsanto Chemical Com- 
pany, Clinton Laboratories, and was obtained on allocation from the United States 
Atomic Energy Commission. 

! Borsook, H., and Dubnott, J. W., 7. Biol. Chem., 171, 363 (1947). 

* Moore, 8., and Stein, W. H., Federation Proc., 7, 174 (1948). Stein, W. H., and 
Moore, 8., Federation Proc.. 7, 192 (1948). 

Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. mee 38, 224 (1944). 
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alanine, aspartic acid, glutamic acid, glycine, leucine, methionine, pheny}- 
alanine, and proline. Other amino acids are present; complete amino acid 
analysis awaits collection of a sufficient amount of the peptide. 

The leucine “turnover,” estimated from the radioactivity of the leucine 
obtained after hydrolysis of the peptide, was 40 per cent in 6 hours. 

We have obtained evidence by methods similar to the above of other 
peptides in guinea pig liver. 

The authors are indebted to and wish to thank Dr. 8. Moore and Dr. 
W. H. Stein of The Rockefeller Institute for Medical Research for their 
generosity and courtesy in giving the details of their method of starch 
chromatography and ninhydrin colorimetry prior to publication. 


William G. Kerckhoff Laboratories of the Biological HENRY Borsook 
Sciences Ciara L. DrAsy 
California Institute of Technology A. J. HAAGEN-Si1 

Pasadena GEOFFREY KEIGHLEY 


PETER H. Lowy 


Received for publication, May 14, 1948 
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THE INCORPORATION OF ADENINE INTO PENTOSE AND 
DESOXYPENTOSE NUCLEIC ACIDS* 


Str, S: 


We have carried out an experiment in which labeled adenine! was fed and 
the pentose nucleic acids, PNA, (chiefly cytoplasmic) and the desoxy- 
pentose nucleic acids, DNA, (nuclear) were separated. The adenine was 
fed to five adult male rats at a level of 27 mg. per kilo of body weight per 
day for 10 days. The separation of the two types of nucleic acids from the 
total viscera was carried out by an application of the Schmidt-Thannhauser 
technique. Each nucleic acid fraction was shown’ to be free of the other, 


within experimental error (+5 per cent). The purines were isolated from 


From DNA fraction From PNA fraction 


N Calculated Calculated 
found —-> cent N' in | found | — cent Ni in 
, | adenine fed _ adenine fed 
Adenine (dietary).........! | | 6.29 100 6.29 100 
“© picrate-H,O......, 29.2 | 28.9 | 0.024 29.4 | 0.634 
a (from picrate) | 0.035 0.55 | 1.00 15.9 
Guanine: H,SO,-H.O 33.4 * | 0.024 0.32 | 34.2 | 0.572 9.1 


* Because of the small sample obtained, this was characterized by counter-current 
distribution only, and the isotope analysis was performed on a diluted sample. 


each fraction and, by counter-current distribution,’ each was shown to be. 


free of the other. 

Analyses of the adenine and guanine isolated from each fraction (see 
the table) show that in the PNA fraction 15.9 per cent of the adenine and 
9.1 per cent of the guanine originated from the dietary adenine. In the 
purines of the DNA fraction, the low isotope concentrations indicate a 
replacement which is only 3.5 per cent of that obtained in the PNA frac- 
tion, or a ratio of PNA purine to DNA purine turnover of 29:1. Because 
of the uncertainties in the determination of PNA in the presence of large 
amounts of DNA, it is impossible to say that the N™ uptake observed in 


*The authors gratefully acknowledge the use of funds from the Office of Naval 
Research, the James Foundation, Inc., New York, and Lord and Taylor, New York. 

1 Brown, G. B., Roll, P. M., Plentl, A. A., and Cavalieri, L. F.,.7. Biol. Chem., 172, 
469 (1948). 

2 Schmidt, G., and Thannhauser, 8. J., J. Biol. Chem., 161, 83 (1945). 

Schneider, W. C., J. Biol. Chem., 164, 747 (1946). 

‘ Tinker, J. F., and Brown, G. B., J. Biol. Chem., 178, 585 (1948). 
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the DNA fraction may not be partially or entirely ascribed to contaminating 
PNA, and it is even conceivable that there is a fundamental difference in 
the origin of the purines of PNA and DNA. 

The PNA purine to DNA purine ratio of 29:1 (or greater) found for 
total viscera, after feeding labeled adenine for 10 days, is much higher than 
any of the comparable figures on phosphorus turnover, which range from 
1.66:1 to 7:1,5 and emphasizes the extremely slow rate of turnover of the 
nucleic acid purines in the resting nucleus. If, as the available data indi- 
cate, the ratios of turnover of PNA purine to DNA purine and PNA P to 
DNA P are different, at least some portion of the phosphate moieties of a 
nucleic acid may be exchanged without the purines of the C-N skeleton 
being affected. 


Sloan-Kettering Institute for Cancer Research GEORGE Boswortu Brown 
New York Mary L. PerermMann 


SIDNEY S. Furst 


teceived for publication, May 13, 1948 





5 Brues, A. M., Tracy, M. M., and Cohn, W. E., J. Biol. Chem., 165, 619 (1944 
Hammarsten, E., and Hevesy, G., Acta physiol. Scand., 11, 335 (1946). Davidson 
J.N., and Raymond, W., Biochem. J., 42, p. xiv (1948 








ON THE CONVERSION OF PALMITIC ACID LABELED WITH 
RADIOACTIVE CARBON TO GLUCOSE BY THE 
ALLOXAN-DIABETIC RAT* 


Sirs: 

Although it is now well established that the carbon of lower fatty acids 
can be incorporated into the glucose molecule,'~* such a conversion for the 
carbon of long chain fatty acids has not hitherto been demonstrated. 

Palmitic acid labeled at its 6th carbon* was used in this investigation. 50 
mg. of this fatty acid dissolved in | ec. of corn oil were administered by 


Per cent of Cu Specific ac tivi 


. Specifi . 
24 hr. excretion pabewpties” ties* of urine | SPecthe S.A.t CO2 
Rat recovered hichad activ- ri Toe 
C!\ administered as N ityt of = —- 
No. expired) S.A. glucose 
Urine Expired) Urine Expired Careciet | One COs carbon 
glucose CO:2 gluco e CC de rg triazole 
m m 
Palmitie acid | 1-0 | 120 3.9 | 32.9 123 132 520 t.1 
2 0.9 430 25.) 29.7 S64 370 754 2.1 
3 0.4 | BE 6.5 | 23.7 106 108-306 2.9 
} 6.8 | 13.6 6.7 26.6 126 124 307 3.0 
Bicarbonate 5 3.7 | 162 $4 73 157 152 920 6.0 
6 6.9 | 17.6 6.9 | 2 126 134 784 6.0 


* Refers to counts per minute per mg. of glucose carbon of the 24 hour urine 
sample 


t Refers to counts per minute per mg. of CO. carbon of the 24 hour CO: sample. 
t Specific activity. 


stomach tube to alloxan-diabetic rats and the urme of these animals ecol- 
lected for the next 24 hours. The rats had access to food. The urinary 
glucose Was isolated as the osazone, which was then converted to the osotri- 
azole derivative. The results obtained with four rats are recorded in the 
table. The purity of the osazones and osotriazoles was established by the 
determination of nitrogen content, melting point, and the demonstration 
of identical specific activities for these two compounds (see the table). 
Since it has been shown that the carbon of CO. can be incorporated into 
glucose,':? the excretion of radioactive glucose by fed alloxan-diabetie rats 


Aided by a grant from the American Cancer Society (recommended by the 
Committee on Growth of the National Research Council 
' Buchanan, J. M., and Hastings, A. B., Physiol. Rev., 26, 120 (1946). 
> Wood, H. G., Physiol. Rev., 26, 198 (1946). 
Bloch, K., Physiol. Rev., 27, 574 (1947). 
Dauben, W.G.,./. Am. Chem. Soc., in press. 
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injected with NaHCO; was also investigated. 1 cc. of isotonie¢ saline con- 
taining 0.028 mm of NaHC™O; was injected intraperitoneally into each of 
two alloxan-diabetic rats. The results of this experiment are recorded in 
the table. 

The absolute amounts of radioactivity found in urinary glucose were 
small in both experiments. In order to assess the rédle of COQ» in the con- 
version of palmitic acid to glucose, the values for the ratio of specific ae- 
tivity of CO, carbon to specific activity of glucose carbon obtained in 
the two experiments were compared. 

The ratio for the COz fixation experiment was 6.0. This indicates that 
L of every 6 atoms, or about 16 per cent of the glucose carbon excreted by 
the alloxan-diabetic rat, was derived from bicarbonate carbon. This value 
is in good agreement with those reported by Solomon ef al. for the fixation 
of carbon dioxide in glycogen by the normal rat.5 

The fact that the values for this ratio in the palmitic acid experiment 
were much lower than 6 is of particular significance. This suggests that a 
process other than carbon dioxide fixation is involved in the incorporation 
of the 6th carbon of palmitic acid in glucose. 


Division of Physiology, University of California Med [. L. Cuarkort 
ical School, and the Department of Chemistry, S. R. LERNER 
University of California C. ENTENMAN 

Berkeley W. G. DauBEN 


Received for publication, April 16, 1948 


‘Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J. M., and 
Hastings, A. B., ./. Biol. Chem., 140, 171 (1941) 
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ACTIVITY OF CRYSTALLINE VITAMIN By FOR CHICK 
GROWTH 


Sir se 


Crystalline vitamin Byi2,' when added to purified basal diets containing 
40 to 70 per cent soy bean meal as the sole source of protein, has been found 
to exhibit ‘‘animal protein factor” activity? in chicks obtained from hens 
fed an all vegetable protein ration. The diets used were inadequate in the 
unidentified chick growth factor (or factors) described by other investi- 








=, Basal diet Supplement ee | Ter 
H gm. 
l 10% soy bean meal | None Y Pay: | 113, 117 
0.2% Wilson’s 1:20 7 | 130 
2°) Wilson’s L () 131 
0.000003°% vitamin B,-. 7 133 
ST er ote ee None 7 ore 
0.3% Wilson’s 1:20 7 101 
0.000003°% vitamin By. z 116 
0.0000006°% vitamin Bye 7 116 
3 20% casein None 7,7 | 98, 99 
0.2°% Wilson’s 1:20 7 | 123 
2° Wilson’s L 7 , 110 
0.000003% vitamin B,- 7 va 
0.009QQ006°% vitamin By» 7 116 
{ 20% None t 100 
0.2 Wilson’s 1:20 7 118 
2% condensed fish solubles 7 125 
7 146 


0.0000015%, vitamin B,» 


gators’ since reportedly good crude sources of the animal protein factor 
promoted appreciable increases in growth when fed as supplements to these 
basal diets. 

The percentage composition of the 40 per cent soy bean meal basal diet 
was as follows: soy bean meal 40, cerelose 37.9, salt mixture 6,5 Ruffex 5, 


' Rickes, E. L., Brink, N. G., Koniuszy, F. R., Wood, T. R., and Folkers, K., 
Scrence, 107, 396 (1948). 

? Scott, M. L., Norris, L. C., and Heuser, G. F., J. Biol. Chem., 167, 261 (1947). 

® Rubin, M., and Bird, H. R., J. Biol. Chem., 163, 393 (1946). 

‘Rubin, M., and Bird, H. R., J. Biol. Chem., 168, 387 (1946). Nichol, C. A., 
Robblee, A. R., Cravens, W. W., and Elvehjem, C.A., J. Biol. Chem., 170, 419 (1947). 
Combs, G. F., Heuser, G. F., and Norris, L. C., Poultry Sc., 27, 238 (1948). 

°1 part of KH.PO, and 5 parts of Salts 4 (J. Biol. Chem., 188, 459 (194) )). 
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wheat germ oil 4.5, calcium gluconate 2.5, glycine 2, pt-methionine 0.9. 
L-arginine 0.5, L-cystine 0.2, choline 0.2, AD powder (5000 A, 1000 D) 0.1, 
inositol 0.1, p-aminobenzoic acid 0.03, niacin 0.01, calcium pantothenate 
0.004, riboflavin 0.002, thiamine 0.002, pyridoxine 0.002, pteroylglutamic 
acid 0.004, menadione 0.0004, and biotin 0.00004. The 70 per cent soy 
bean meal diet contained 70 per cent soy bean meal, 7.9 per cent cerelose, 
and the remaining ingredients as listed above. The 20 per cent casein diet 
contained 20 per cent vitamin-free casein (Labco), and an additional 20.9 
per cent cerelose in place of the soy bean meal and methionine stated above, 

Typical growth data for day-old female white Leghorn chicks given the 
basal diet with or without supplements of crystalline vitamin By», or various 
crude sources of the animal protein factor, are shown in the table. 

It is apparent that quantities of crystalline vitamin By. as small as 
6 y per kilo of diet stimulated growth of chicks fed diets low in the animal 
protein factor. Under these conditions the optimal growth requirement ap- 
peared to be less than 30 y per kilo of diet. 

Since the crystalline substance elicited growth responses comparable to 
those obtained by supplementation with crude sources of the animal protein 
factor, it is possible that vitamin By: is identical with or closely related to 
this factor. 


Merck Institute for Therapeutic Research and the Research WALTHER H. Orr 
Laboratories Epwarkp L. Rickes 
Merck and Company, Inc. Tuomas R. Woop 


Rahway, New Jersey 


teceived for publication, June 1, 1948 
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INFLUENCE OF ADRENALECTOMY AND FASTING ON THE 
INCORPORATION OF ISOTOPIC NITROGEN INTO THE 
TISSUES OF MICE* 


Sirs: 


Previous experiments suggested! that the growth of lymphoid structures 
of fasted, adrenalectomized animals resulted from immobility of lymphoid 
tissue nitrogen and translocation of nitrogen from other tissues. Experi- 
ments to test this hypothesis have been initiated with the aid of N™. 

20 gm. CBA male mice were employed. Adrenalectomized mice were 
used 48 hours postoperatively. All mice received 90 mg. (in 1.2 ml. of 





Atom per cent excess of N15 18 hrs. following last| 





injection of isotope Per cent difference in 
Tissue nen a 
\ | 'o » Taste 
Intact, fed et eee Bene org = mice 
66 hrs. hrs. 
Liver 0.417 | 0.785 | 0.803 | +2 
Gut 0.439 | 0.868 | 0.954 +10 
Kidney | 0.518 | 0.553 | +8 
Spleen 0.3295 | 0.397 | 0.506 | +50 
Thymus and lymph | 
nodes | 0.470 | 0.706 +50 
Serum proteins 0.396 | 0.941 1.347 | +44 


Muscle | 0.055 | 0.094 +50 


HO) of labeled glycine (32.0 atom per cent excess N') in six divided, intra- 
peritoneal injections over a period of 48 hours. Fasting was initiated at 
the time of the first injection of glycine, with 0.9 per cent sodium chloride 
available to adrenalectomized mice. Animals were exsanguinated, and se- 
lected organs and tissues from four animals were removed and pooled, 
ground while frozen, and extracted three times with cold 7 per cent tri- 
chloroacetic acid. The residues were freed of trichloroacetic acid, fat- 
extracted, and dried. ‘Total serum proteins were precipitated from pooled 
sera of four animals by addition of an equal volume of 20 per cent tri- 
chloroacetic acid, and the precipitate treated as described above. Some 
typical data are shown in the table. 


* This investigation was aided by a grant from the Josiah Macy, Jr., Foundation 
and from the James Hudson Brown Memorial Fund of the Yale University School 
of Medicine. 

' White, A., and Dougherty, T. F., Endocrinology, 41, 230 (1947). 
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It will be seen that the net rate of incorporation of nitrogen, injected 
as glycine, into tissues is more rapid in fasted than in fed animals. This 
rate is also more rapid in the spleen, lymphoid tissue, and serum proteins 
of adrenalectomized than in intact fasted mice. The difference in muscle 
is of questionable significance because of the low isotope concentration. 
Moreover, the gastrocnemius muscle used for analysis may not be repre- 
sentative of all muscle. The findings confirm the retardation in nitrogen 
‘atabolism reported following adrenalectomy. 

The data are also of some interest in relation to the question of the site 
of synthesis of the serum proteins. The high isotope concentration in the 
serum proteins of intact, fasted animals, and particularly in the serum pro- 
teins of the adrenalectomized, fasted mice, is strikingly higher than that 
of any other tissue examined. Inasmuch as there is no difference in the 
isotope content of the livers of the two groups of fasted animals, whereas 
there is a marked difference in isotope concentration in the serum proteins, 
it would appear that a portion of the latter must be of extrahepatic origin. 
The data are in contrast to those of Stoerk, John, and Eisen? who found 
that the rate of synthesis of serum proteins in rats was not affected by 
adrenalectomy. 


Departments of Physiological Chemistry and Internal ABRAHAM WHITE? 
Medicine Henry D. HoBerMAN 
Yale University Ciara M. SzEco? 


New Haven 


Received for publication, June 5, 1948 
* Stoerk, H. C., John, H. M., and Eisen, H. M., Proc. Soc. Exp. Biol. and Med., 
66, 25 (1947). 


* Present address, School of Medicine, University of California at Los Angeles, 
Los Angeles, California. 
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NUCLEOTIDE PYROPHOSPHATASE AND 
TRIPHOSPHOPYRIDINE NUCLEOTIDE 
STRUCTURE 


Sirs: 


DPN pyrophosphatase! in washed particles of rabbit kidney hydrolyzes 
diphosphopyridine nucleotide (DPN) at the pyrophosphate bond. Diffi- 
culties in purifying the kidney enzyme prompted the use of potato extracts 
in which Lowry’ has found a pyrophosphatase for flavin-adenine dinucleo- 
tide (FAD). From crude potato extracts, DPN pyrophosphatase was puri- 
fied over 600-fold by ammonium sulfate and ethanol fractionation, heating, 
and adsorption on alumina gel Cy. 

In the first four columns of the accompanying table, preparations at vari- 
ous stages of purification are compared with respect to pyrophosphatase 
activity on DPN, FAD, triphosphopyridine nucleotide (TPN), and adeno- 
sine triphosphate (ATP). The relative constancy in the ratios of DPN, 
TPN, and FAD activities suggests a single enzyme. With ATPase, con- 
stant ratios appeared only in more purified fractions, the early increase in 
ratio probably being due to the removal of Kalckar’s* ATPase. DPN 
strongly inhibited ATP splitting only in the purified fractions and FAD 
and TPN splitting in all fractions. The data suggest that the dinucleotide 
pyrophosphatase also breaks the pyrophosphate bonds of ATP. 

The position of the third phosphate in TPN has been studied with the 
purified pyrophosphatase. The last four columns of the table summarize 
an experiment in which 6.65 micromoles of TPN were split by incubation 
with 0.3 mg. of the most purified pyrophosphatase preparation in 2 ml. of 
0.025 m glycylglycine buffer, pH 7.40, for 40 minutes at 37°. No adenylic 
acid? or orthophosphate was produced. Orthophosphate liberated by 10 
minutes hydrolysis at 100° in 1 N H.SO, (2.34 micromoles) was essentially 
unchanged. With lead acetate, a partial separation of the mononucleotide 
products was obtained. The insoluble fraction contained adenine and phos- 
phate in a ratio of approximately 1:2 and only 7 per cent of the nicotinam- 
ide-ribose moiety. The soluble fraction contained phosphate and 
nicotinamide-ribose moiety in a ratio of approximately 1:1. The acid 
lability of the phosphate in the insoluble fraction approximated that of a 


‘ Kornberg, A., and Lindberg, O., Federation Proc., 7, 165 (1948). 

2 Personal communication from Dr. O. H. Lowry. Iam also grateful to Dr. 8. P. 
Colowick for suggesting potato as a source for DPN pyrophosphatase. 

3’ Kalekar, H. M., J. Biol. Chem., 167, 461 (1947). 

‘Tested with Schmidt’s deaminase (Kalckar, H. M., Science, 99, 131 (1944)). 

> Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 167, 157 (1947). 
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mixture of equal parts of adenosine-3-and adenosine-5-phosphate. How- 
ever, this fraction contained an organic phosphate impurity, the acid lability 


Ratiost Reaction 


i F Water- Water- 
» , - . 
Pe hee Substance estimated ys insoluble soluble 
FAD TPN \TP incubation) lead salts ead salts 


micromoles micromoles micromole 


| 2.4 1.4 bal MeL 6.65 
7 2:2 rs 13 Acid-labile P 2.10 2.48 0.18 
16 2.4 12 311 Total P 26.20 16.40 6.80 
293 2.4 L..2 351 Adenine$ 9.20 8.41 
600 | 2.4 11.0 | 335 NMN$§ 7.15 
Nicotinamide-ribose 0.49 6.53 


* Based on DPN pyrophosphatase activity expressed in arbitrary units. 

t Ratio of DPN pyrophosphatase to FAD, TPN, or ATP pyrophosphatase. 

{ Estimated spectrophotometrically by reduction with isocitric acid and isocitric 
dehydrogenase (Ochoa, 8., J. Biol. Chem., 174, 133 (1948)). The purity of TPN 
was 0.65. It appears that an adenine nucleotide (not adenosine-5-phosphate may 
be an impurity in this preparation. 

§ Ultraviolet absorption spectra of the water insoluble andjwater-soluble fractions 
agreed with those of adenine and nicotinamide mononucleotide (NMN), respectively 
The coefficients used were 16 X 10° K mole”! for adenine and 5 X 103 X mole™! for 
NMN at 260 mp. The ‘“‘adenine”’ of TPN was calculated by assuming an NMN con 
tent of 6.65 micromoles. 


of which is unknown. Further study is required to establish which position 
on the ribose of adenosine is occupied by the third phosphate of TPN. 
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National Insiitule of Health 
Bethesda, Maryland 
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Gjessing, Ludewig, and Chanutin, 
683 


Inositol: Isomers, oxidation, Acetobacter | 


subozydans role, 
Chargaff, 173 
Oxidation, Acetobacter suboxydans, 
Carter, Belinskey, Clark, Flynn, 
Lytle, McCasland, and Robbins, 
415 
Intestine: Phosphatase, pu-alanine, L- 
glutamic acid, t-lysine, and L- 
histidine, effect, Bodansky, 465 
Iodide: Inorganic, blood plasma, thyroid 
function, relation, Wolff and Chaikoff, 


-——-~ 


Magasanik and | 


200 

Iron: Blood serum, determination, 
micro-, Burch, Lowry, Bessey, and 
Berson, 791 
Isoatisine: Oxidation, Huebner and | 
Jacobs, 1001 


Isocitrate: -Pyruvate oxidation-reduc- 
tion, enzymatic mechanism, Mehler, 
Kornberg, Grisolia, and Ochoa, 961 


| 


K 
Keto acid(s): 8-, decarboxylation, spec- 
trophotometry, Kornberg, Ochoa, | 
and Mehler, 159 | 


Ketone bodies: Determination, Lester | 
and Greenberg, 903 


| 
| 
| See also Nephrectomy 
| 
| 
| 


Kidney: Phosphatase, pi-alanine, L-gly. 
tamic acid, L-lysine, and t-histidine, 


effect, Bodansky, 465 


L 


Lactobacillus casei: Nutrition, factors. 
Daniel, Scott, Heuser, and Norris. 

71 

| Lecithin: Blood serum, Sinclair, 343 
| Leucine: Growth, methionine relation, 
Harding and Shive, 743 
Liver homogenate peptide, relation, 
Borsook, Deasy, Haagen-Smit, 
| Keighley, and Lowy, 1041 
| Lipide(s): Oxidation products, thiobar- 
bituric acid and, reaction, Bernheim, 
Bernheim, and Wilbur, 257 
| Liver: Enzyme, l-malic acid decarboxy]- 
ation, effect, Ochoa, Mehler, and 


Kornberg, 979 
Folic acid, Olson, Fager, Burris, and 
Elvehjem, 319 


Homogenate peptide, isolation, Bor- 
sook, Deasy, Haagen-Smit, Keighley, 
and Lowy, 1041 

, leucine turnover, Borsook, 
Deasy, Haagen-Smit, Keighley, and 
Lowy, 104] 

Protein, radioactive carbon-labeled 
alanine incorporation, effect, Frantz, 
Zamecnik, Reese, and Stephenson, 

773 

Lymphoid tissue: Antibody, release, 
Roberts, Adams, and White, 379 
Lysine: L-, phosphatase, intestine, bone, 
and kidney, effect, Bodansky, 465 

Synthesis, Neurospora, Mitchell and 
Houlahan, 883 





M 


Magnesium: Muscle adenosinetriphos- 
phatase activation, relation, Kielley 
and Meyerhof, 387 

Malaria: See also SN-3294, SN-13276 

Malate: -Pyruvate oxidation-reduction, 
enzymatic mechanism, Mehler, 
Kornberg, Grisolia, and Ochoa, 

961 


Mal 


Mai 





SUBJECTS 


Malic acid: l-, decarboxylation, liver 
enzyme effect, Ochoa, Mehler, and 


Kornberg, 979 
Manure: Chick growth factor, Bird, 
Rubin, and Groschke, 611 


— —-—, stability and _ solubility, 
Bird, Rubin, and Groschke, 611 
Melanosarcoma: pu.-Tyrosine labeled 


with radioactive carbon, distribu- | 


tion, Reid and Jones, 427 
Meningococcus: Endotoxin, glucose 
phosphorylation, effect, Kun, 761 


Methionine: -Deficient diet, DL- 
homoserine, growth, effect, Arm- 
strong and Binkley, 889 

Growth, leucine relation, Harding and 
Shive, 743 
Oxy-, lipotropic activity and toxicity, 
Shaffer and Critchfield, 489 


Methoxinine: Lipotropic activity and | 


toxicity, Shaffer and Critchfield, 
489 
Methoxy - 1,4 - naphthoquinone: 2-, 
naturally occurring, isolation and 
antifungal action, Little, Sproston, 


and Foote, 335 
Methyl alcohol: Blood acetol, adminis- 
tration effect, Grant, 93 
Methyl group: Donor, dimethyl-s- 


propiothetin, Maw and du Vigneaud, 
381 


dimethylthetin, du Vigneaud, 


Moyer, and Chandler, 477 
Mold: See also Neurospora 
Monomethyl-L-amino acid(s): De- 

methylation, oxidative, Ling and 

Tung, 643 


Mosaic: Tobacco, virus, blood serum 
albumin and, interaction, Lauffer, 
481 

Muscle: Adenosinetriphosphatase, mag- 
nesium-activated, Kielley and 


Veyerhof, 387 
Myosin: Birefringence of flow, Binkley, 
385 
Myrothecium  verrucaria: Enzyme, 
Saunders, Siu, and Genest, 697 

N 
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Naphthoquinone—continued: 
antifungal action, Little, Sproston, 


and Foote, 335 
Nephrectomy: Nitrogen metabolism 
study, use, Engel, Pentz, and Engel, 

99 

Neurospora: Growth, canavanine effect, 
Horowitz and Srb, 371 
Lysine synthesis, Mitchell and 
Houlahan, 883 
Niacin: Tryptophan-, transformation, 


pyridoxine deficiency, effect, Ling, 
Hegsted, and Stare, 803 
-Tryptophan-deficient diets, amino 
acids, growth effect, Hankes, Hen- 
derson, Brickson, and Elvehjem, 
873 
Nicotinic acid: Synthesis, chick embryo, 
tryptophan relation, Schweigert, 
German, and Garber, 383 
Ninhydrin: Determination, colorimetric, 
enzyme kinetics, use in study, 
Schwert, 411 


Nitrogen: Isotopic, tissue, adrenalec- 
tomy and fasting effect, White, 
Hoberman, and Szego, 1049 

Metabolism, nephrectomy _ effect, 
Engel, Pentz, and Engel, 99 

Nucleic acid: Desoxypentose, adenine 
incorporation, Brown, Petermann, 
and Furst, 1043 

Desoxyribo-. See Desoxyribonucleie 
acid 

Pentose, adenine incorporation, Brown, 
Petermann, and Furst, 1043 

Synthesis, Escherichia coli B, bacterio- 
phage-infected, Cohen, 281 


Yeast, cytidylic acid and diammonium 
uridylate preparation, Loring, Roll, 
and Pierce, 729 

Nucleotide: Triphosphopyridine, chem- 
ical constitution, Kornberg, 1051 
Nucleotide pyrophosphatase: Chemical 
constitution, Kornberg, 1051 
Nucleus: Cell, arginase, Dounce and 
Beyer, 859 


| Nutrition: Lactobacillus casei, factors, 


Naphthoquinone: 2 - Methoxy - 1,4-, | 


naturally occurring, isolation and 


Daniel, Scott, Heuser, and Norris, 
71 
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Oxalosuccinic acid: and 
properties, Ochoa, 115 
Oxalosuccinic carboxylase: Ochoa and 
Weisz-Tabori, 123 
Oxidase: Xanthine, related enzymes 
and, 6-pteridyl aldehyde effect, 
Kalckar, Kjeldgaard, and Klenow, 

771 

Oxygen: Dihydrodiphosphopyridine nu- 
cleotide and, electron’ transport, 
coupled phosphorylation, Friedkin 
and Lehninger, 757 


Preparation 


Oxymethionine:  Lipotropic activity 
and toxicity, Shaffer and Critch- 
field, 189 

P 


Palmitic acid: Radioactive carbon-la 


beled, glucose from, alloxan diabetes, 


Chaikoff, Lerner, Entenman, and 
Dauben, 1045 
Pamaquine: Determination, fluoromet- 
ric, Irvin and Irvin, 589 
Dissociation exponents, Jrvin and 
Trvin, 577 
Pantothenic acid: King and Cheldelin, 
273 

8-Alanine utilization, relation, King 
and Cheldelin, 273 


Coenzyme <A, determination, Hegsted 
and Lipmann, 89 
Propionic acid utilization, relation, 
King and Cheldelin, Zi 
Penicillin: Benzyl-, radioactive sulfur- 
containing, isolation, counter-cur- 
rent distribution use, Sato, Barry, 
and Craig, 217 
Crystalline, counter-current 
distribution 
Craig, 221 
Pentose nucleic acid: Adenine 
Brown, 


purity, 
use, Barry, Sato, and 
incor 
and 
1043 


isolation, 


poration, Petermann, 
Furst, 
Peptide: Liver 
Borsook, Deasy, 
Keighley, and Lowy, 1041 
—, leucine turnover, Borsook, 
Deasy, Haagen-Smit, Keighley, and 
1041 


homogenate, 
Haagen-Smit, 


Lowy, 


| 
| 





INDEX 


Periodate: Hydroxy-.-proline oxidation 
by, Carter and Loo, 723 

Phenol: Amino groups, cross-linking, 
Fraenkel-Conrat and Olcott, 


827 

Phenylalanine: .-, decarboxylation, 
Streptococcus faecalis réle, McGil- 
very and Cohen, 813 
Phosphatase: Adenosinetri-, muscle. 
magnesium-activated, Kielley and 
Meyerhof, 387 
Bone, pu-alanine, L-glutamic acid, 1- 
lysine, and t-histidine, — effect. 
Bodansky, 165 


Intestine, pL-alanine, L-glutamic acid, ° 


and t-histidine, effect. 
Bodansky, 165 
Kidney, 


L-lysine, 


pL-alanine, L-glutamiec acid, 
and u-histidine, effect. 
Bodansky, 465 


L-lysine, 


Pyro-, blood cell, red, Naganna and 

Narayana menon, 501 

nucleotide, chemical constitution, 

Kornberg, 1051] 

Phosphate (s): Metabolism, shock effect, 
Goranson, Hamilton, and Haist, 

I 

Phosphatidyl serine: Chemical constitu- 

tion, Folch, 139 

Phosphorus: 


bonueleie acids, origin, Cohen, 


Bacteriophage desoxyri 


295 
Phosphorylation: 
phosphopyridine 


Coupled, dihydrodi 


nucleotide and 


oxygen electron transport, Friedkin 


and Lehninger, 757 
Glucose, meningococcal endotoxin 
effect, Kun, 761 


Pituitary: See also Hypophysectomy 

Potassium: Isotopes, biological material, 

Mullins Zerahn, 
107 


distribution, and 

Pregnancy: Sulfonamide in diet, ery 

thropoiesis in fetus, effeet, W2lliam- 

son and Appel, 769 

Pregnen-3 (8 )-ol-20-one: 5-, 

extract, isolation and identification, 
Haines, 

9r 


Kuizenga, 92: 


testis 


Johnson, Goodwin, and 


| 


Pre 


Pr 





SUBJECTS 


Progesterone: Blood serum solubility, 


Bischoff and Pilhorn, 663 
Protein solution solubility, Bischoff 
and Pilhorn, 663 
Salt solution solubility, Bischoff and 
Pilhorn, 663 
Proline: Derivatives, Escherichia coli 
mutant strains, utilization, Sim- 
monds and Fruton, 705 
Hydroxy-.-, oxidation, periodate effect, 
Carter and Loo, 723 


Propionic acid: Utilization, pantothenic 
acid relation, King and Cheldelin, 
273 

Protein(s): Blood serum, injury effect, 
Gijessing, Ludewig, and Chanutin, 


683 
-Formaldehyde reaction, Fraenkel-Con- 
rat and Olcott, 827 


Liver, radioactive carbon-labeled 
alanine incorporation, effect, Frantz, 
Zamecnik, Reese, and Stephenson, 

(KE 

Solutions, testosterone, progesterone, 


and a-estradiol solubility, Bischoff 


and Pilhorn, 663 
Synthesis, Escherichia coli B, bacterio- 
phage-infected, Cohen, 281 

: effect, Melchior, Mellody, and 
Klotz, 81 
Proteolysis: Enzymes, tissue, Gulmann 
and Fruton, 851 
Prothrombin: Calcium effect, Ware and 
Seegers, 565 
Purification, Ware and Seegers, 565 


Thrombin effect, Ware and Seegers, 
565 

Thromboplastin effect, Ware and 
Seegers, 565 
Pteridyl aldehyde: 6-, 
and related enzymes, effect, Kalckar, 
Kjeldgaard, and Klenow, 771 
Pteroylglutamic acid: Analogues, 


Woolley and Pringle, 327 


xanthine oxidase 


Pyrimidine derivatives, relation, 
Hitchings, Elion, VanderWerff, and 
Falco, 765 

Pyridine: 


Dihydrodiphospho-, nucleo- 


tide, oxygen and, electron trans- 
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Pyridine— continued: 
port, coupled phosphorylation, Fried- 


kin and Lehninger, 757 
Pyridoxine: Deficiency, tryptophan- 
niacin transformation, effect, Ling, 
Hegsted, and Stare, 803 
Displacement, Martin, Avakian, and 
Moss, 495 
Pyrimidine: Derivatives, pteroyl- 


glutamic acid, relation, Hitchings, 
Elion, VanderWerff,and Falco, 765 
Pyrophosphatase: Blood cell, red, Na- 


ganna and Narayana menon, 501 


Nucleotide, chemical constitution, 
Kornberg, 1051 
Pyrrolidonecarboxylic acid: Polarim- 
etry, Kibrick, 845 


Pyruvate: Isocitrate-, oxidation-reduc- 
tion, enzymatic mechanism, Vehler, 
Kornberg, Grisolia, and Ochoa, 961 

Malate-, oxidation-reduction, enzy- 
matic mechanism, Mehler, Kornberg, 
Grisolia, and Ochoa, 961 


Q 


Quinine: Dissociation exponents, Irvin 


and Irvin, 577 
Quinolylpiperidylcarbinol: Dissociation 
exponents, Jrvin and Irvin, 577 

S 
Salicylate: Blood, determination, fluor- 
ophotometric, Saltzman, 399 
Salt: Solutions, testosterone, proges- 


terone, and a-estradiol solubility, 
Bischoff and Pilhorn, 663 
Sarcoma: Melano-, pi-tyrosine labeled 
with radioactive carbon, distribu- 
tion, Reid and Jones, 427 
Scurvy: Antipernicious anemia extracts 
and tyrosine metabolism, relation, 
Sealock and Lepow, 763 
Serine: Homo-. See Homoserine 
Phosphatidyl, chemical constitution, 
Folch, 439 
Shock: Carbohydrate metabolism, effect, 
Goranson, Hamilton, and Haist, 1 
Phosphate metabolism, effect, Goran- 
son, Hamilton, and Haist, | 
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SN-3294: Determination, fluorometric, | Thetin: Dimethyl-, methyl donor, dy 
Irvin and Irvin, 589 | Vigneaud, Moyer,and Chandler, 477 
SN-13276: Determination, fluorometric, | Dimethyl-8-propio-, methyl donor, 
Irvin and Irvin, 589 Maw and du Vigneaud, 381 


| 
Sphingomyelin: Blood serum, Sinclair, | Thienylalanine: 8-2-, optical isomers, 
343, 355 | microbial growth, effect, Ferger and 





Staphylococcus: Toxin, solubility, | du Vigneaud, 241 
Wittler and Pillemer, 23 | Thiobarbituric acid: Lipide oxidation 
Steroid(s): Hormones, biological sys- products and, reaction, Bernheim, 
tems, Bischoff and Pilhorn, 663 | Bernheim, and Wilbur, 257 
Stomach: Mucosa, blood group A-specific | Thrombin: Pro-. See Prothrombin 
substance, Holzman and Niemann, | Prothrombin, effect, Ware and Seegers, 
305 | 565 
Streptococcus faecalis: L-Phenylalanine | Thromboplastin: Prothrombin, effect, 
decarboxylation, réle, McGilvery and | Ware and Seegers, 565 
Cohen, 813 | Thyroid: Function, blood plasma _in- 
Streptomycin: Counter-current distri- | organic iodide relation, Wolff and 
bution, Titus and Fried, 57 | Chaikoff, 555 
Tautomerism, Titus and Fried, 57 | Tobacco: Mosaic virus, blood serum 
Succinic: Oxalo-, carboxylase, Ochoa and albumin and, interaction, Lauffer, 
Weisz-Tabori, 123 481 
Succinic acid: Oxalo-, preparation and | Toxin(s): Immunochemistry, Wéittler 
properties, Ochoa, 115 | and Pillemer, 23 
Sugar: Blood. See Blood sugar | Staphylococcus, solubility, Wittler 
Sulfhydryl reagent(s): Enzyme inhibi- and Pillemer, 23 
tion, mechanism, Singer, 11 Toxoid(s): Immunochemistry, Wittler 
Sulfonamide: Maternal diet, erythro- and Pillemer, 23 
poiesis in fetus, effect, Williamson | Tricarboxylic acid(s): Biosynthesis, 
and Appel, 769 carbon dioxide fixation réle, Ochoa, 
Sulfur: -Containing amino acids, 115 
Escherichia coli mutant strains, Ochoa and Weisz-Tabori, 123 
utilization, Simmonds, a17 Ochoa, 133 
Radioactive, benzylpenicillin con- Carbon dioxide fixation, enzymatic 
taining, isolation, counter-current mechanisms, Ochoa, 133 
distribution use, Sato, Barry, and Triphosphopyridine nucleotide: Chem 
Cratq, 217 ical constitution, Kornberg, 105] 
' Trypsin: Chymo-. See Chymotrypsin 
. Tryptophan: Chick embryo nicotinic 
: : \ , acid synthesis, relation, Schweigert 
Testis: Extract, Haines, Johnson, Good- German, and Garber, 993 
win, and Kutzenga, : 925 Metabolism, vitamin Beg réle, Jun 
—, 5-pregnen-3(8)-0l-20-one isolation queira and Schweigert, 605 


i ification, Haines, Johnson, Sai ad A mae 
and identification, Haines — Niacin transformation, pyridoxine 


; ” utze 925 - ; 
Goodwin, and Kutzenga, 925 deficiency, effect, Ling, Hegsted, 
Testosterone: Blood serum solubility, and Stave 803 
. . # wy AN 
Bischoff and Pilthorn, 663 | _Niacin-deficient diets, amino acids, 
Protein solution solubility, Bischoff effect, Hankes, Henderson, Brickson, 
and Pilhorn, 663 


and Elvehjem, S87: 
Salt solution solubility, ‘Bischoff and | Tyrosine: p-, growth, effect, Bubl and 
Pilhorn, 663 | Butts, 637 








Tyr 
DI 


Vat 


Va 


Vir 


Vi 








SUBJECTS 


Tyrosine—con tinued: 
pi-, radioactive carbon labeled with, 
melanosarcoma, distribution, Reid 
and Jones, 427 
Metabolism, antipernicious anemia ex- 
tracts and, scurvy, relation, Sealock 
and Lepow, 


Vv 


Van Slyke: Apparatus, blood gas, micro- 
volumetric, Whiteley, 947 
Vasoconstrictor: Blood serum, purifica- 
tion, Rapport, Green, and Page, 735 
Virus: Bacterial, synthesis, Cohen, 
281, 295 
Tobacco mosaic, blood serum albumin 
and, interaction, Lauffer, 481 
Vitamin(s): A, fetus, cholesterol-high 
maternal diet, effect, Williamson, 
631 


763 | 
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Vitamin(s)—continued: 


A, utilization, media, Halpern and 
Biely, 817 
Be, tryptophan metabolism, réle, 


Junqueira and Schweigert, 605 
Biz, crystalline, chick growth, effect, 
Ott, Rickes, and Wood, 1047 
| Bays, distillers’ solubles, growth, effect, 
Novak and Hauge, 647 


xX 


Xanthine: Oxidase, related enzymes and, 
6-pteridyl aldehyde effect, Kalckar, 
Kjeldgaard, and Klenow, 771 





Y 


Yeast: Nucleic acid, cytidylic acid and 
diammonium uridylate preparation, 
Loring, Roll, and Pierce, 729 
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